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ABSTRACT 

I n  a r o u n d - r o b i n  a b l a t i o n  s t u d y  m o n i t o r e d  by  S t a n f o r d  R e s e a r c h  
I n s t i t u t e  i n  1 9 6 4 ,  T e f l o n  a n d  h i g h - d e n s i t y  p h e n o l i c - n y l o n  m o d e l s  were 
e v a l u a t e d  a t  v a r i o u s  e n t h a l p i e s  a n d  h e a t i n g  r a t e s  u n d e r  s u p e r s o n i c  c o n d i -  
t i o n s .  The  r e s u l t s  o f  t h a t  s t u d y ,  p u b l i s h e d  i n  NASA C o n t r a c t o r  R e p o r t  
CR-379,  showed t h a t  t h e  b e s t  d e s c r i p t i o n  o f  t h e  t e s t  e n v i r o n m e n t s  f o r  
t w e l v e  d i f f e r e n t  p l a s m a  a r c  h e a t e r  f a c i l i t i e s  was g i v e n  by t h e  s t a g n a t i o n  
p o i n t  h e a t i n g  r a t e ,  a n d  p r e s s u r e .  The  mass l o s s  r a t e s  f rom a l l  f a c i l i t i e s  
c o u l d  be c o r r e l a t e d  i n  terms o f  t h e s e  p a r a m e t e r s  w i t h  a s t a n d a r d  d e v i a t i o n  
o f  a p p r o x i m a t e l y  11 p e r c e n t  f o r  b o t h  t h e  T e f l o n  and  p h e n o l i c - n y l o n  m a t e r i a l .  

T h e  s e c o n d  p h a s e  o f  t h i s  s t u d y ,  d e s c r i b e d  i n  t h i s  r e p o r t ,  a l s o  i n v o l v e d  
t w e l v e  f a c i l i t i e s ,  mos t  o f  them t h e  same a s  i n  t h e  f i r s t  p h a s e .  The  same 
two h i g h - d e n s i t y  m a t e r i a l s ,  T e f l o n  a n d  p h e n o l i c - n y l o n ,  w e r e  e v a l u a t e d  a t  
s t a g n a t i o n  p r e s s u r e s  up t o  1 0  a t m o s p h e r e s  f o r  t h e  f o r m e r  a n d  30  a t m o s p h e r e s  
f o r  t h e  l a t t e r .  The  e f f e c t  o f  model  s i z e  was a l s o  e v a l u a t e d  u s i n g  b o t h  
h e m i s p h e r i c a l  a n d  f l a t - f a c e d  T e f l o n  m o d e l s  h a v i n g  e f f e c t i v e  r a d i i  v a r y i n g  
f rom o n e - q u a r t e r  t o  f o u r  t i m e s  t h e  r a d i u s  u s e d  p r e v i o u s l y .  The  m a s s  l o s s  
r a t e s  a g a i n  c o r r e l a t e d  w i t h  t h e  r e s u l t s  f rom t h e  e a r l i e r  s t u d y ,  e x c e p t  
t h a t  h i g h - d e n s i t y  p h e n o l i c - n y l o n  m o d e l s  showed a r a p i d  i n c r e a s e  i n  a b l a t i o n  
above  a s t a g n a t i o n  p r e s s u r e  of  a b o u t  2 . 5  a t m o s p h e r e s .  T h e s e  h i g h e r  r a t e s  
were  a l s o  c o r r e l a t e d ,  a n d  f o u n d  t o  a g r e e ,  w i t h  l i t e r a t u r e  d a t a  f o r  t h i s  
same p r e s s u r e  r e g i m e .  

F i v e  new l o w - d e n s i t y  m a t e r i a l s - L a n g l e y  p h e n o l i c - n y l o n ,  Hughes  
p h e n o l i c - n y l o n ,  Avcoa t  e p o x y - n o v a l a c - f i l l e d  honeycomb,  L a n g l e y  s i l i c o n e  
e l a s t o m e r ,  a n d  G e n e r a l  E l e c t r i c  s i l i c o n e  e l a s t o m e r - w e r e  a l s o  s t u d i e d  
i n  t h e  s e c o n d  p h a s e  a t  e n t h a l p i e s  f rom 2500 t o  3 4 , 0 0 0  B t u / l b  and  s t a g n a -  
t i o n  p r e s s u r e s  f rom 0 . 0 0 4  t o  2 a t m o s p h e r e s .  Mass  l o s s  r a t e s ,  f r o n t  
s u r f a c e ,  and  i n t e r n a l  t e m p e r a t u r e s  were  m e a s u r e d  f o r  t h e s e  m a t e r i a l s .  

Mass l o s s  r a t e  c o r r e l a t i o n s  s i m i l a r  t o  t h o s e  d e v e l o p e d  i n  t h e  f i r s t  
p h a s e  o f  t h e  s t u d y  were s a t i s f a c t o r y  e x c e p t  f o r  t h e  s i l i c o n e  m a t e r i a l s ,  
which  may s u g g e s t  t h a t  t h e  a b l a t i o n  mechanism v a r i e s  f o r  t h e s e  i n  t h e  
r a n g e  o f  c o n d i t i o n s  s t u d i e d .  D i m e n s i o n a l  a n a l y s i s  was u s e d  t o  d e v e l o p  
new c o r r e l a t i o n s  f o r  i n t e r r e l a t i n g  f r o n t  s u r f a c e ,  i n t e r n a l  t e m p e r a t u r e  
r i s e ,  and  t e s t  e n v i r o n m e n t .  T h e  r e s u l t i n g  r e l a t i o n s  show t h a t  d a t a  f rom 
t h e  v a r i o u s  f a c i l i t i e s  c o u l d  be s a t i s f a c t o r i l y  c o m p a r e d .  

i i i  
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I I NTRODUCT I ON 

T h e  O f f i c e  o f  R e s e a r c h  G r a n t s  and  C o n t r a c t s ,  N a t i o n a l  A e r o n a u t i c s  a n d  

S p a c e  A d m i n i s t r a t i o n ,  (NASA), i n  1963 a s k e d  S t a n f o r d  R e s e a r c h  I n s t i t u t e  t o  

a c t  a s  a p r o g r a m  manage r  on a r o u n d - r o b i n  t e s t  s t u d y  t o  d e t e r m i n e  w h e t h e r  

a b l a t i o n  t e s t s  o f  r e p r e s e n t a t i v e  m a t e r i a l s  a t  d i f f e r e n t  p l a s m a  a r c  h e a t e r  

f a c i l i t i e s  wou ld  y i e l d  s e l f - c o n s i s t e n t  r e s u l t s .  

T h i s  work  i n v o l v e d  d e f i n i t i o n  o f  t h e  e x t e n t  t o  wh ich  r e a l i s t i c  en -  

v i r o n m e n t a l  c o n d i t i o n s  a r e  s i m u l a t e d  by s u c h  d e v i c e s ;  c o n d u c t i o n  o f  com- 

p a r a t i v e  a b l a t i o n  t e s t s  on s t a n d a r d i z e d  m a t e r i a l s  a t  s e l e c t e d  o r g a n i z a t i o n s  

p o s s e s s i n g  s u i t a b l e  e q u i p m e n t ;  p r o v i s i o n  o f  t h e  s p e c i a l i z e d  i n s t r u m e n t a t i o n  

and  t e s t  m o d e l s  r e q u i r e d ;  a n d  c o r r e l a t i o n  o f  t e s t  r e s u l t s  w i t h  a n a l y s e s  t o  

d e t e r m i n e  t h e  f e a s i b i l i t y  o f  d e v e l o p i n g  a s t a n d a r d i z e d  m e t h o d .  

The  t w e l v e  p a r t i c i p a t i n g  o r g a n i z a t i o n s ,  f i v e  g o v e r n m e n t  and  s e v e n  

i n d u s t r i a l ,  t e s t e d  o v e r  1 7 0  m o d e l s  a n d ,  i n  a d d i t i o n ,  p e r f o r m e d  numerous  

c a l i b r a t i o n  e x p e r i m e n t s .  The r e s u l t i n g  d a t a ,  p u b l i s h e d  i n  NASA C o n t r a c t o r  

R e p o r t  CR-379,l showed t h a t  

1 .  A p r o c e d u r e  f o r  c o m p a r i n g  a b l a t i o n  t e s t  r e s u l t s  ( o n  a g i v e n  
m a t e r i a l )  a t  e a c h  s u p e r s o n i c  p l a s m a  a r c  h e a t e r  f a c i l i t y  i s  
f e a s i b l e  t h r o u g h  u s e  o f  a s t a n d a r d  mass l o s s  r a t e ,  h e a t i n g  r a t e  
( o r  c a l c u l a t e d  e n t h a l p y ) ,  and  s t a g n a t i o n  p r e s s u r e  c o r r e l a t i o n .  

2 .  T h e  a p p l i c a b i l i t y  o f  t h e  p r o c e d u r e  o u t s i d e  t h e  r a n g e  o f  m a t e r i a l s ,  
mode l  s i z e s ,  a n d  a r c  h e a t e r  o p e r a t i n g  c o n d i t i o n s  s t u d i e d  i n  t h e  
p r o g r a m  n e e d e d  f u r t h e r  i n v e s t i g a t i o n .  

The  p r o g r a m  was s u b s e q u e n t l y  e x t e n d e d  t o  a s s e s s  t h e  v a l i d i t y  o f  t h e  

f i n d i n g s  o f  t h e  P h a s e  I s t u d y  a n d  t o  d e t e r m i n e  t h e i r  g e n e r a l i t y  by p r o v i d -  

i n g  a more  d e t a i l e d  c o m p a r i s o n  o f  r e s u l t s  o v e r  a w i d e r  r a n g e  o f  a b l a t i o n  

v a r i a b l e s .  T h i s  i n v o l v e d  t h e  s t u d y  o f  more  s e v e r e  t e s t  c o n d i t i o n s ,  c h a n g e s  

i n  mode l  g e o m e t r y ,  new l o w - d e n s i t y  m a t e r i a l s ,  a n d  more  e x t e n s i v e  m e a s u r e -  

m e n t s  on t h e  a b l a t i n g  m o d e l s .  T h u s ,  t h e  P h a s e  I1 r e s e a r c h ,  wh ich  was a l s o  

t o  i n v o l v e  a r o u n d  r o b i n ,  f e l l  n a t u r a l l y  i n t o  f o u r  m a j o r  c a t e g o r i e s - f a c i l i t y  

p a r a m e t e r s ,  model  p a r a m e t e r s ,  m e a s u r e m e n t s ,  a n d  a n a l y s i s  o f  r e s u l t s .  More 

s p e c i f i c a l l y ,  t h e  f o l l o w i n g  s t u d i e s  were t o  b e  c o n s i d e r e d :  

1 



1. F a c i l i t y  P a r a m e t e r s  

a .  H i g h e r  s t a g n a t i o n  p r e s s u r e s  
b .  U n i f o r m i t y  o f  p l a s m a  s t r e a m  

2 .  Model  P a r a m e t e r s  

a .  Geomet ry  
b .  N e w  m a t e r i a l s  

3 .  M e a s u r e m e n t s  

a .  F r o n t  s u r f a c e  t e m p e r a t u r e  
b .  I n t e r n a l  t e m p e r a t u r e  r i s e  
c .  Mass and  l e n g t h  c h a n g e s  
d .  C h a r  b e h a v i o r  

4 .  A n a l y s i s  of  R e s u l t s  

a .  C o m p a r i s o n  o f  measu remen t  t e c h n i q u e s  
b .  C o r r e l a t i o n  o f  d a t a  

2 



I I SUMMARY 

T h e  a b l a t i o n  c o n d i t i o n s  s t u d i e d  i n  P h a s e  I w i t h  t h e  h i g h - d e n s i t y  

T e f l o n  ( T I *  a n d  p h e n o l i c - n y l o n  ( P I  m a t e r i a l s  were e x t e n d e d  t o  h i g h e r  

s t a g n a t i o n  p r e s s u r e s  a n d  t o  m o d e l s  o f  d i f f e r e n t  s h a p e s  a n d  d i m e n s i o n s .  

I n  a d d i t i o n ,  f i v e  new l o w - d e n s i t y  m a t e r i a l s  were e v a l u a t e d  d u r i n g  P h a s e  I I  
o f  t h e  r o u n d  r o b i n ,  a n d  more e x t e n s i v e  f r o n t  s u r f a c e  a n d  i n t e r n a l  t e m p e r a -  

t u r e  m e a s u r e m e n t s  were made w i t h  t h e  m o d e l s .  T h e  new m a t e r i a l s  were 

0 L a n g l e y  p h e n o l i c  n y l o n  ( P L L ) ,  d e n s i t y  = 3 5 . 5  l b / f t 3  

0 Hughes  p h e n o l i c -  n y l o n  (PLH),  d e n s i t y  = 3 5 . 7  l b / f t 3  

0 A v c o a t  e p o x y - n o v a l a c - f i l l e d  honeycomb ( A ) ,  d e n s i t y  = 3 1  l b / f t 3  

0 L a n g l e y  s i l i c o n e  e l a s t o m e r  ( S P ) ,  d e n s i t y  = 3 3 . 5  l b / f t  

0 G e n e r a l  E l e c t r i c  s i l i c o n e  e l a s t o m e r  ( S G ) ,  d e n s i t y  = 3 6 . 8  l b / f t 3  

I n s o f a r  a s  p o s s i b l e  t h e  same t e s t  f a c i l i t i e s  were u s e d  i n  t h e  new 

p r o g r a m .  S e v e r a l  new o r g a n i z a t i o n s  were a d d e d  t o  r e p l a c e  t h o s e  w h i c h  c o t i l d  

n o t  b e  u s e d  and  t o  p r o v i d e  c a p a b i l i t i e s  a t  h i g h e r  t e s t  p r e s s u r e s  o r  l a r g e r  

mode l  d i m e n s i o n s .  The  t w e l v e  p a r t i c i p a n t s ,  s i x  g o v e r n m e n t  a n d  s i x  i n d u s -  

t r i a l ,  f i n a l l y  c h o s e n  were 

t 1. G a s  Dynamics  B r a n c h ,  A m e s  R e s e a r c h  Center-NASA 

2 .  Magne to  P l a s m a  Dynamics  B r a n c h ,  Ames R e s e a r c h  Center-NASA 

3 .  A p p l i e d  M a t e r i a l s  a n d  P h y s i c s  D i v i s i o n ,  L a n g l e y  R e s e a r c h  c e n t e r -  
N A S A t  

4. 

5 .  Manned S p a c e c r a f t  C e n t e r ,  S u b s o n i c  Fac i l i t y -NASA* 

6 .  Manned S p a c e c r a f t  C e n t e r ,  S u p e r s o n i c  Fac i l i t y -NASA 

7 .  A e r o t h e r m  C o r p o r a t i o n  

8 .  AVCO C o r p o r a t i o n  

9 .  G i a n n i n i  S c i e n t i f i c  C o r p o r a t i o n  

E n t r y  S t r u c t u r e s  B r a n c h ,  L a n g l e y  R e s e a r c h  Center-NASA t 

t 

t 

10 .  M a r t i n  Companyt 

* 
SRI d e s i g n a t e d  code  f o r  these m a t e r i a l s .  
P a r t i c i p a n t  i n  Phase I round r o b i n  
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11. S p a c e  G e n e r a l  C o r p o r a t i o n  

1 2 .  C o r n e l 1  A e r o n a u t i c a l  L a b o r a t o r y ,  I n c .  

C a l o r i m e t e r s  a n d  a b l a t i o n  m o d e l s ,  some i n s t r u m e n t e d ’ w i t h  i n t e r n a l  

t h e r m o c o u p l e s ,  were s u p p l i e d  t o  e a c h  p a r t i c i p a n t  f o r  u s e  i n  t h e  r o u n d -  

r o b i n  t e s t  p r o g r a m .  R a d i o m e t e r s  were a l s o  s u p p l i e d  f o r  d e t e r m i n i n g  f r o n t  

s u r f a c e  t e m p e r a t u r e .  I n  a d d i t i o n  t o  model  a n d  c a l i b r a t i o n  r u n s ,  e a c h  

f a c i l i t y  was a s k e d  t o  make a h e a t i n g  r a t e  a n d  s t a g n a t i , o n  p r k s s u r e  t r a v e r s e  

o f  t h e  p l a s m a  s t r e a m .  T h e  r e s u l t s  showed t h a t  a l l  t h e  t e s t  f a c i l i t i e s  

e x h i b i t e d  some n o n u n i f o r m i t y  o f  t h e  s t r e a m ,  w i t h  I ‘  c o r i n g ”  o c c u r r i n g  i n  

s e v e r a l  c a s e s .  However ,  t h e  d e g r e e  o f  u n i f o r m i t y  i n  t h e  r e g i o n  o f  t h e  model  

was s a t i s f a c t o r y  i n  m o s t  c a s e s .  

T h e  SRI a n d  f a c i l i t y  c a l o r i m e t e r s  when compared  i n  t h e  t e s t  e n v i r o n -  

ment  h a d  a s t a n d a r d  d e v i a t i o n  o f  1 2  p e r c e n t ,  w h i c h  i s  s l i g h t l y  b e t t e r  t h a n  

t h a t  f o u n d  i n  t h e  P h a s e  I r o u n d  r o b i n .  A s  i n  t h e  e a r l i e r  s t u d y ,  i t  was 

o b s e r v e d  t h a t  when t h e  p l a s m a  f l o w  t h r o u g h  t h e  s u p e r s o n i c  n o z z l e  i s  f a r  

removed f rom e q u i l i b r i u m ,  s u c h  a s  w i t h  h i g h  e x p a n s i o n  r a t i o s  o r  v e r y  l o w  

t e s t  p r e s s u r e s ,  s u r f a c e  c a t a l y t i c  e f f e c t s  o n  t h e  c a l o r i m e t e r  w i l l  i n f l u e n c e  

t h e  m e a s u r e d  h e a t i n g  r a t e .  

C o m p a r i s o n  o f  t h e  m e a s u r e d  e n t h a l p y  t o  t h a t  c a l c u l a t e d  f rom t h e  h e a t i n g  

r a t e  and  s t a g n a t i o n  p r e s s u r e ,  t h r o u g h  t h e  F a y - R i d d e l l  r e l a t i o n ,  was n o t  

s a t i s f a c t o r y .  A s  i n  t h e  P h a s e  I s t u d y ,  t h o s e  f a c i l i t i e s  h a v i n g  q u i t e  

u n i f o r m  s t r e a m  t r a v e r s e s  showed good  a g r e e m e n t  b e t w e e n  t h e  two v a l u e s ,  

i n d i c a t i n g  t h a t  i n  t h o s e  c a s e s  t h e  c e n t e r - l i n e  e n t h a l p y  i s  p r o b a b l y  c l o s e  

t o  t h e  a v e r a g e  e n t h a l p y  by t h e  e n e r g y  b a l a n c e  me thod .  S t r e a m  e n t h a l p y  i s  

a m o s t  i m p o r t a n t  v a r i a b l e  i n  m a t e r i a l  a b l a t i o n  s t u d i e s ,  y e t  i t  i s  t h e  m o s t  

d i f f i c u l t  t o  m e a s u r e  a c c u r a t e l y .  

T h e  p r i m a r y  m e a s u r e m e n t s  made on t h e  m o d e l s  were w e i g h t  l o s s ,  r e c e s -  

s i o n ,  c h a r  d e p t h ,  c h a r  d e n s i t y ,  f r o n t  s u r f a c e  t e m p e r a t u r e ,  a n d  i n t e r n a l  

t e m p e r a t u r e .  T h e s e  d a t a ,  a l o n g  w i t h  h e a t i n g  r a t e ,  s t a g n a t i o n  p r e s s u r e ,  

a n d  e n t h a l p y ,  were t h e  i n p u t s  f o r  c o r r e l a t i o n  o f  t h e  d a t a .  

I n i t i a l  i n t e r p r e t a t i o n  i n v o l v e d  f u r t h e r  e v a l u a t i o n  o f  t h e  d a t a  f rom 

t h e  P h a s e  I r o u n d  r o b i n .  D i m e n s i o n a l  a n a l y s i s  s u g g e s t e d  t h e  f o l l o w i n g  

d i m e n s i o n l e s s  r e l a t i o n ,  i n v o l v i n g  g r o u p s  p r o p o r t i o n a l  t o  mass  l o s s  r a t e ,  
, and  a l s o  c o n t a i n i n g  i n t ,  h e a t i n g  r a t e ,  ;Icw, and  s t a g n a t i o n  p r e s s u r e ,  

t h e  e f f e c t i v e  r a d i u s  o f  t h e  m o d e l ,  R e f f ,  
p o s i t i o n ,  AH,, f o r  e a c h  m a t e r i a l :  

p t  2 
and  t h e  o v e r a l l  h e a t  o f  decom- 



I n  t h e  a b s e n c e  o f  a means  t o  d e t e r m i n e  AH,, i n d e p e n d e n t l y ,  t h e  d imen-  

s i o n l e s s  c o r r e l a t i o n  was e x p a n d e d  i n t o  a d i m e n s i o n a l  fo rm s i m i l a r  t o  t h o s e 1  

d e s c r i b e d  i n  t h e  P h a s e  I r e p o r t  (NASA R e p o r t  N o .  CR-379), n a m e l y ,  

A c o n s i d e r a b l e  amount  o f  s u p e r s o n i c  a r c - j e t  t e s t  d a t a  on T e f l o n  and  

h i g h - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

I n c l u s i o n  o f  t h e s e  d a t a  f o r  T e f l o n ,  

r e s u l t s ,  l e a d s ,  by r e g r e s s i o n  a n a l y s i s ,  t o  t h e  f o l l o w i n g  v a l u e s  o f  b ,  n ,  

and m :  

a l o n g  w i t h  t h e  P h a s e  I r o u n d - r o b i n  

w i t h  a s t a n d a r d  d e v i a t i o n  o f  10 p e r c e n t .  P o r  h i g h - d e n s i t y  p h e n o l i c - n y l o n ,  

t h e  r e l a t i o n  i s  

(;I ) 0 . 5 5 ( P t  ) 0 . 1 3  
2 (it ) p  = O.OOlO(R, f ) - o *  cw 

w i t h  a s t a n d a r d  d e v i a t i o n  o f  10  p e r c e n t .  

The  r e s u l t s  o f  t h e  P h a s e  1 1 ,  h i g h  s t a g n a t i o n  p r e s s u r e  e x p e r i m e n t s  
were  i n t e r p r e t e d  i n  terms o f  t h e  a b o v e  d i m e n s i o n a l  c o r r e l a t i o n s .  

T e f l o n  d a t a  were f o u n d  t o  f i t  t h e  r e l a t i o n  up  t o  t h e  h i g h e s t  p r e s s u r e  u s e d ,  

3 3  a t m .  On t h e  o t h e r  h a n d ,  a t  s t a g n a t i o n  p r e s s u r e s  above  2 . 7  a t m ,  t h e  

h i g h - d e n s i t y  p h e n o l i c - n y l o n  d a t a  showed h i g h e r  m a s s  l o s s  r a t e s  t h a n  p r e -  

d i c t e d  by t h e  a b o v e  r e l a t i o n .  T h e s e  p h e n o l i c - n y l o n  d a t a ,  p l u s  l i t e r a t u r e  

d a t a  o b t a i n e d  u n d e r  s i m i l a r  c o n d i t i o n s ,  f i t  a s e c o n d  c o r r e l a t i o n :  

The  

(it) p = O . O O l O ( V 2 1 I 6 )  7 5 ( R e f f ) - 0 * 3 2  ( q c , ) o . 5 5 ( p t  ) 0 . 1 3 + 0 . 7 5  
2 

where  r i s  t h e  m e c h a n i c a l  s t r e s s ,  i n  p o u n d s  f o r c e  p e r  s q u a r e  f o o t ,  a t  wh ich  

f a i l u r e  o f  t h e  c h a r  o c c u r s .  T h i s  r e l a t i o n ,  d e r i v e d  by d i m e n s i o n a l  a n a l y s i s ,  

p e r m i t s  d e t e r m i n a t i o n  o f r  f rom t h e  i n t e r c e p t  o f  t h e  new c o r r e l a t i o n  l i n e .  
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The s t r e s s  o f  t h e  c h a r  a t  f a i l u r e  was f o u n d  t o  b e  5610 l b  f o r c e / f t . 2  

T h i s  a s s u m p t i o n  o f  c h a r  f a i l u r e  a p p e a r s  v a l i d  s i n c e  t h e  h i g h - d e n s i t y  

p h e n o l i c - n y l o n  m o d e l s  showed a l m o s t  n o  c h a r  a f t e r  e x p o s u r e  t o  t h e  h i g h  

s t a g n a t i o n  p r e s s u r e  e n v i r o n m e n t s  a n d  t h u s  h a d  r e d u c e d  t h e r m a l  p r o t e c t i o n .  

A l i m i t e d  number o f  s t u d i e s  w e r e p e r f o r m e d u s i n g  v a r i a b l e  r a d i i m o d e l s a n d  

c a l o r i m e t e r s .  The  h e a t  t r a n s f e r  d a t a  s h o w e d t h e  p r o p e r  i n v e r s e  r e l a t i o n s h i p  

w i t h  s q u a r e  r o o t  o f  c a l o r i m e t e r  s h r o u d  r a d i i .  T h e  mass  l o s s d a t a  a l s o  showed 

t h e  p r o p e r  e f f e c t  o f  r a d i u s  b u t  e x h i b i t e d  g r e a t e r  s c a t t e r  t h a n  f o r t h e  s t a n d a r d  

m o d e l s .  P l a s m a  c o r i n g  and  s t r e a m  b l o c k a g e  may b e  p a r t i a l l y  r e s p o n s i b l e .  

T h e  l o w - d e n s i t y  m a t e r i a l s  a b l a t e d  somewhat  d i f f e r e n t l y  i n  terms o f  

c h a r  a p p e a r a n c e .  Wi th  t h e  l o w - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s  t h e  c h a r  

was c r a c k e d  w i t h  a c o l u m n a r  s t r u c t u r e  o r i e n t e d  p a r a l l e l  t o  t h e  d i r e c t i o n  

o f  a b l a t i o n .  T h e  s i l i c o n e  c h a r s  h a d  two t y p e s  o f  a p p e a r a n c e .  A t  low 

h e a t  f l u x e s ,  t h e y  were b l a c k ,  b u t  a t  h i g h e r  h e a t i n g  r a t e s  t h e  s u r f a c e  

showed a g r e y ,  f u s e d ,  i n o r g a n i c  c o a t i n g ,  a p p a r e n t l y  due  t o  t h e  f o r m a t i o n  

o f  SiO, .  
m a t e r i a l ,  w i t h  t h e  web b e i n g  s l i g h t l y  r a i s e d  and  w i t h  f u s e d  d r o p l e t s  o f  

i n o r g a n i c  m a t e r i a l  a t  t h e  model  p e r i p h e r y .  

The  A v c o a t  c h a r s  u s u a l l y  h a d  a d e p r e s s i o n  i n  t h e  honeycomb f i l l e r  

T h e  p r o p e r t i e s  a n d  c o m p o s i t i o n  o f  t h e s e  c h a r s  a r e  l e s s  r e p r o d u c i b l e  

t h a n  t h o s e  o f  t h e  h i g h - d e n s i t y  m a t e r i a l s .  T h i s  i s  a l s o  t r u e  o f  t h e  

a p p e a r a n c e  and  d i m e n s i o n s  o f  t h e  c h a r r e d  c o r e ,  t h e  l a t t e r  b e i n g  d i f f i c u l t  

t b  m e a s u r e .  

The  mass  l o s s  r a t e  d a t a  f o r  t h e  f i v e  l o w - d e n s i t y  m a t e r i a l s  a l l  showed 

t h e  same f o r m  o f  c o r r e l a t i o n  a s  f o r  t h e  h i g h - d e n s i t y  m a t e r i a l s ,  n a m e l y ,  

T h e  e f f e c t i v e  r a d i u s  te rm h a s  b e e n  combined  w i t h  b i n  t h i s  c a s e  and 

r e p l a c e d  by “ a ”  s i n c e  n o  p l a n n e d  s t u d i e s  o f  t h e s e  m a t e r i a l s  were made 

w i t h  v a r y i n g  r a d i i  m o d e l s .  T h e  v a l u e s  o f  t h e  c o n s t a n t s  a r e  

PERCENT 
STANDARD 

MATERIAL a n m D E V I A T I O N  - - -  
PII, 0.0047 0.36 0.26 15 
PLH 0.0039 0.36 0.19 14 
A 0.0036 0.47 0.33 16 
SP 0.00032 0.81 0.19 24 
SG 0.00019 1.03 0.28 36 
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N o t e  t h a t  t h e  s t a n d a r d  d e v i a t i o n  i s  h i g h e r  t h a n  t h a t  f o u n d  f o r  t h e  h i g h -  

d e n s i t y  m a t e r i a l s  i n  t h e  P h a s e  I r o u n d  r o b i n  o w i n g  t o  t h e  more  d i f f i c u l t  

c h a r  m e a s u r e m e n t s .  
u l a r l y  p o o r ,  

r a n g e  of  c o n d i t i o n s  s t u d i e d .  T h e r e f o r e ,  l e s s  c r e d e n c e  s h o u l d  b e  g i v e n  t o  

t h e  c o r r e l a t i o n  c o n s t a n t s  f o u n d  f o r  t h e s e  l a t t e r  m a t e r i a l s .  A t t e m p t s  t o  

c o r r e l a t e  m a s s  l o s s  r a t e s  w i t h  o t h e r  v a r i a b l e s  were n o  more s u c c e s s f u l .  

The  c o r r e l a t i o n s  f o r  t h e  s i l i c o n e  m a t e r i a l s  a r e .  p a r t i c -  
s u g g e s t i n g  t h a t  t h e  mechan i sms  o f  a b l a t i o n  may v a r y  i n  t h e  

F r o n t  s u r f a c e  t e m p e r a t u r e ,  a s  m e a s u r e d  w i t h  f a c i l i t y  o p t i c a l  pyrom-  

e t e r s ,  c o r r e l a t e d  w e l l  w i t h  p y r o l y s i s  r a t e  and  s t a g n a t i o n  p r e s s u r e ,  t h u s  

The  v a l u e s  of  t h e  c o n s t a n t s  a r e  

PERCENT 
STANDARD 

MATER1 AL a V w D E V I  A T 1  ON - - - -  
PLL 19,980 0.031 0.21 5 
PLH 10,710 0.044 0.20 6 
A 10,040 0.039 0.18 6 
SP 7 , 6 6 0  0.012 0.16 4 
SG 5 ,210  0.028 0.072 5 

T h i s  r e l a t i o n  was d e r i v e d  by d i m e n s i o n a l  a n a l y s i s  and  t h e n  e x p a n d e d  i n t o  

t h e  a b o v e  f o r m .  

T h e  i n t e r n a l  t e m p e r a t u r e  p r o f i l e s  were c o r r e l a t e d  i n  terms o f  h e a t i n g  

r a t e  a n d  s t a g n a t i o n  p r e s s u r e  by a d d i n g  t h e  p o s i t i o n  and  t ime  a t  wh ich  

a g i v e n  t e m p e r a t u r e  r i s e  o c c u r s .  The c o r r e l a t i o n  i s  

The  v a l u e s  o f  t h e  c o n s t a n t s  a r e  

PERCENT 
STANDARD 

a b C d e D E V I A T I O N  - - - - -  MATERIAL 

PLL 0 .034  0.053 0.30 0.63 -0.28 13 
PLH 0.056 0.035 0.15 0.58 -0.24 9 
A 0.037 0.018 0.27 0.60 -0.26 14  
SP 0.072 0.022 0.18 0.52 -U.30 12 
SG 0.12 0.031 0.098 0.54 -0.28 8 
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T h i s  r e l a t i o n  c o m p a r e s  w i t h  a n a l o g o u s  r e l a t i o n s  a n d  w i t h  t h e  r e s u l t s  i n  

t h e  l i t e r a t u r e .  A m a r k e d l y  i m p r o v e d  c o r r e l a t i o n  i s  o b t a i n e d  when o n l y  

t h e  250°F t e m p e r a t u r e  r i s e  i s o t h e r m  i s  c o n s i d e r e d .  The  r e l a t i o n  i n  t h i s  

c a s e  i s  

and t h e  c o n s t a n t s  a r e  

PERCENT 
STANDARD 

MATER1 AL a b C d DEVIATION -- -- 
PLL 0.014 0.083 0.18 0.61 8 
PLH 0.017 0.079 0 . 1 4  0.60 5 
A 0.023 0.105 0.15 0.62 6 
SP 0.0082 0.016 0.26 0.54 9 
SG 0.033 0.065 0.046 0.55 2 

B o t h  o f  t h e  t e m p e r a t u r e  r i s e  c o r r e l a t i o n s  were d e r i v e d  by d i m e n s i o n a l  

a n a l y s i s .  

T h e  d a t a  o b t a i n e d  f o r  t h e  l o w - d e n s i t y  m a t e r i a l s  c a n  be  u s e d  t o  

c o m p a r e  t h e i r  a b l a t i o n  p e r f o r m a n c e .  F o r  e n v i r o n m e n t s  l e a d i n g  t o  low 

f r o n t  s u r f a c e  t e m p e r a t u r e s ,  t h e  s i l i c o n e  m a t e r i a l s  show t h e  l o w e s t  m a s s  

l o s s  r a t e s .  However ,  a t  h i g h  f r o n t  s u r f a c e  t e m p e r a t u r e s ,  t h e  s i l i c o n e s  

p e r f o r m  much more  p o o r l y  t h a n  t h e  l o w - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s .  

T h i s  marked  d i f f e r e n c e  u n d o u b t e d l y  r e l a t e s  t o  t h e  c h e m i c a l  r e a c t i o n s  i n -  

v o l v i n g  s i l i c o n ,  o x y g e n ,  a n d  c a r b o n .  Below t h e  m e l t i n g  p o i n t  o f  s i l i c a ,  

t h e  s u r f a c e  i s  p r o t e c t e d  by t h i s  m a t e r i a l  and  some s i l i c o n  c a r b i d e .  

Above t h e  m e l t i n g  p o i n t ,  h o w e v e r ,  t h e  s i l i c a  r e a c t s  w i t h  c a r b o n  t o  f o r m  

c a r b o n  monox ide  and  s i l i c o n  monox ide  w h i c h  a r e  r a p i d l y  l o s t  a s  v a p o r s .  

T h i s  c h a n g e  i n  a b l a t i o n  mechan i sm u n d o u b t e d l y  c a u s e s  t h e  d i f f i c u l t i e s  i n  

c o r r e l a t i n g  t h e  s i l i c o n e  m a s s  l o s s  d a t a .  The  i n t e r n a l  t e m p e r a t u r e  r i s e s  

show t h a t  t h e  b e s t  i n s u l a t o r ,  on b o t h  a vo lume a n d  a w e i g h t  b a s i s ,  i s  t h e  

Lang 1 ey 1 ow- den  s i  t y p h e n o  1 i c - n y 1 o n .  

8 



I I I EXPER I MENTAL PROGRAM 

The  P h a s e  I1  r o u n d - r o b i n  s t u d y  was o r g a n i z e d  a n d  u n d e r t a k e n  i n  a 

v e r y  s i m i l a r  manner  t o  t h e  P h a s e  I p r o g r a m .  T h e  f o l l o w i n g  s e c t i o n s  d e -  

s c r i b e  t h e  s t u d y  i n  more d e t a i l .  

A .  S c o p e  and  P a r t i c i p a n t s  

The  t e s t  e n v i r o n m e n t s ,  model  r e s p o n s e s ,  a n d  a b l a t i o n  m a t e r i a l s  t o  b e  

s t u d i e d  a r e  o u t l i n e d  i n  t h e  s c o p e .  C h o i c e  o f  t h e  o r g a n i z a t i o n s  t o  p a r t i c -  

i p a t e  i n  t h e  r o u n d  r o b i n  were b a s e d  on somewhat  s i m i l a r  c r i t e r i a  t o  t h o s e  

u s e d  i n  t h e  e a r l i e r  s t u d y .  

1. S c o p e  o f  P r o g r a m  

R e p r e s e n t a t i v e s  o f  t h e  A m e s  R e s e a r c h  C e n t e r ,  L a n g l e y  R e s e a r c h  C e n t e r ,  

Manned S p a c e c r a f t  C e n t e r ,  J e t P r o p u l s i o n  L a b o r a t o r y ,  Advanced  R e s e a r c h  P r o -  

g r a m s O f f i c e o f N A S A ,  and  S t a n f o r d  R e s e a r c h  I n s t i t u t e m e t e a r l y i n t h e  P h a s e  I1 
p r o g r a m  t o  d e t e r m i n e  t h e  t e s t  c o n d i t i o n s ,  model  d i m e n s i o n s ,  a n d  m a t e r i a l s  t o  b e  

e v a l u a t e d .  I t  was a g r e e d  t h a t  t h r e e  s e p a r a t e  a r e a s  s h o u l d  be  s t u d i e d  i n  t h e  

new p r o g r a m ,  a s  f o l l o w s :  

1. E x t e n s i o n  o f  p r e v i o u s  t e s t  c o n d i t i o n s  

2 .  V a r i a t i o n  f rom p r e v i o u s  model  d i m e n s i o n s  

3 .  A d d i t i o n  o f  new l o w - d e n s i t y  m a t e r i a l s  

I n  t h e  f i r s t  a r e a ,  t h e  m a j o r  i n t e r e s t  w a s  i n  i n c r e a s e d  s t a g n a t i o n  

p r e s s u r e s .  I n  o r d e r  t o  m i n i m i z e  c h a n g e s  i n  o t h e r  v a r i a b l e s ,  model  d imen-  

s i o n s  were k e p t  t h e  same a s  i n  P h a s e  I ,  and  t h e  same m a t e r i a l s  were u s e d  

f o r  t h e  s t u d y ,  n a m e l y ,  

e T e f l o n ,  t y p e  TFE 7 ,  w h i t e  v a r i e t y ,  d e n s i t y  = 1 3 5 . 6  l b / f t 3  

e P h e n o l i c - n y l o n  ( 5 0 - 5 0 % ) ,  d e n s i t y  = 7 4 . 3  l b / f t 3  

T h e  s e c o n d  a r e a  i n v o l v e d  c h a n g e s  i n  e f f e c t i v e  d i a m e t e r ,  a n d  b o t h  

l a r g e r  a n d  s m a l l e r  m o d e l s  t h a n  u s e d  p r e v i o u s l y  were c o n s i d e r e d .  T e s t  
c o n d i t i o n s  were k e p t  t h e  same a s  i n  P h a s e  I ,  a n d  T e f l o n  was u s e d  a s  o n e  

o f  t h e  m a t e r i a l s .  However ,  b e c a u s e  o f  a n  i n s u f f i c i e n t  q u a n t i t y  o f  
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h i g h - d e n s i t y  p h e n o l i c - n y l o n  p o l y m e r  f rom t h e  p r e v i o u s  p r o g r a m ,  a low-  

d e n s i t y  v e r s i o n  was u s e d  i n s t e a d ,  n a m e l y ,  

0 L o w - d e n s i t y  p h e n o l i c - n y l o n  ( H u g h e s  5 1 ,  d e n s i t y  = 35 .7  l b / f t 3  

The  m a j o r  p u r p o s e  o f  t h e  t h i r d  a r e a  o f  t h e  p r o g r a m  was t o  compare  

c e r t a i n  l o w - d e n s i t y ,  c h a r r i n g  a b l a t o r s .  For t h i s  r e a s o n ,  t e s t  c o n d i t i o n s  

and  model  d i m e n s i o n s  were k e p t  t h e  same a s  i n  P h a s e  I ,  b u t  more e x t e n s i v e  

m e a s u r e m e n t s  were t a k e n  on t h e  m o d e l s .  I n  a d d i t i o n  t o  t h e  Hughes  l o w - d e n s i t y  

p h e n o l i c - n y l o n  ( n o t e d  a b o v e ) ,  t h e  new m a t e r i a l s  i n v o l v e d  were 

0 L o w - d e n s i t y  p h e n o l i c - n y l o n  ( L a n g l e y  S c o u t  R/4B) 
d e n s i t y  = 3 5 . 5  l b / f t 3  

0 E p o x y - n o v a l a c - f i l l e d  honeycomb ( A v c o a t  5 0 2 6 - 3 9  HC/G) 
d e n s i t y  = 31 l b / f t 3  

0 S i l i c o n e  e l a s t o m e r  ( L a n g l e y  M o d i f i e d  P u r p l e  B l e n d  E4A1)  
d e n s i t y  = 3 3 . 5  l b / f t 3  

0 S i l i c o n e  e l a s t o m e r  (G.E.  ESM 1004AP) ,  d e n s i t y  = 3 6 . 8  l b / f t 3 .  

P h a s e  I1 o f  t h e  r o u n d  r o b i n  t h u s  c o n s i s t e d  o f  t h e  e x p o s u r e  o f  t h e  a b o v e  

m o d e l s  u n d e r  t h e  a p p r o p r i a t e  c o n d i t i o n s  a t  v a r i o u s  a r c - h e a t e d  p l a s m a  j e t  f a c i l -  

i t i e s .  T h e  p a r t i c i p a n t s  s u p p l i e d  i n f o r m a t i o n  a b o u t  t e s t  c o n d i t i o n s  a n d  t h e  

I n s t i t u t e  m e a s u r e d  t h e  p h y s i c a l  and  c h e m i c a l  c h a n g e s  i n  t h e  m o d e l s .  

2 .  S e l e c t i o n  o f  P a r t i c i p a t i n g  O r g a n i z a t i o n s  

S e v e r a l  f a c t o r s  g o v e r n e d t h e  s e l e c t i o n  o f  s u p e r s o n i c  t e s t i n g  f a c i l i t i e s  t o  

p a r t i c i p a t e  i n  t h e  new r o u n d - r o b i n  p r o g r a m .  

c o u l d b e  a c c o m o d a t e d i n t h e  p l a s m a  s t r e a m ,  

r a n g e  o f  t e s t  c o n d i t i o n s  d e s i r e d ,  

u s e d  were e i t h e r  p a r t i c i p a n t s  i n  t h e  P h a s e  I r o u n d  r o b i n  o r  wou ld  b r i n g  a n e w  

c a p a b i l i t y  t o  t h e  s t u d y .  

T h e s e  were: (1) t h a t  t h e  t e s t  m o d e l s  

( 2 )  t h a t  t h e  f a c i l i t y  o p e r a t e  i n  t h e  

and  ( 3 )  t h a t  i n s o f a r  a s  p o s s i b l e  t h e  f a c i l i t i e s  

A l l  t w e l v e  o f  t h e  o r g a n i z a t i o n s  u s e d  i n  t h e  P h a s e  I r o u n d  r o b i n  were 

c o n t a c t e d  a n d  a s k e d  t o  i n d i c a t e  t h e i r  i n t e r e s t  i n  f u r t h e r  work .  Lack  o f  

f a c i l i t y  t ime  o r  h i g h  p r e l i m i n a r y  c o s t  e s t i m a t e s  e l i m i n a t e d  f i v e  o f  t h e  

t w e l v e .  

a s s e s s e d ,  u s i n g  t h e  c r i t e r i a  m e n t i o n e d  i n  t h e  P h a s e  I r e p o r t .  

t r i p s  were made t o  t h e  new f a c i l i t i e s .  

O t h e r  o r g a n i z a t i o n s  were t h e n  c o n t a c t e d  a n d  t h e i r  f a c i l i t i e s  

I n s p e c t i o n  
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Of p a r t i c u l a r  i n t e r e s t  was t h e  a b i l i t y  o f  s u p e r s o n i c  p l a s m a  a r c  j e t s  

t o  t e s t  m o d e l s  a s  l a r g e  a s  5 i n c h e s  i n  d i a m e t e r  o r  a t  s t a g n a t i o n  p r e s s u r e s  

up t o  30 a tm.  T h e s e  f a c i l i t i e s  wou ld  be u s e d  t o  e x t e n d  t h e  P h a s e  I s t u d i e s  

on T e f l o n  a n d  h i g h - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s .  

A s  i n  t h e  P h a s e  I r o u n d  r o b i n ,  a v a i l a b i l i t y  o f  f u n d s  d e t e r m i n e d  t h e  

number o f  c o m m e r c i a l  p a r t i c i p a n t s .  Two o f  t h e s e  h a d  h i g h  s t a g n a t i o n  

p r e s s u r e  c a p a b i l i t i e s  (AVCO C o r p o r a t i o n  a n d  C o r n e l 1  A e r o n a u t i c a l  L a b o r a -  1 

t o r y ) ,  and  o n e  h a d  a c a p a b i l i t y  f o r  t e s t i n g  l a r g e  m o d e l s  ( M a r t i n  Company) .  

A f t e r  i n c l u d i n g  t h e s e  o r g a n i z a t i o n s  i n  t h e  p r o g r a m ,  t h e  r e m a i n i n g  f u n d s  

p e r m i t t e d  t h e  s e l e c t i o n  o f  f o u r  p a r t i c i p a n t s  f o r  t h e  s t u d i e s  on t h e  

a b l a t i o n  o f  l o w - d e n s i t y  m a t e r i a l s ,  n a m e l y  

A e r o t h e r m  C o r p o r a t i o n  

G i a n n i n i  S c i e n t i f i c  C o r p o r a t i o n  

M a r t i n  Company 

o S p a c e  G e n e r a l  C o r p o r a t i o n  

T h r e e  o f  t h e  c o m m e r c i a l  o r g a n i z a t i o n s  h a d  p a r t i c i p a t e d  i n  t h e  P h a s e  I 
r o u n d  r o b i n :  G i a n n i n i ,  M a r t i n ,  a n d  AVCO. 

F i v e  g o v e r n m e n t  o r g a n i z a t i o n s  a l s o  a g r e e d  t o  p a r t i c i p a t e  i n  t h e  

s t u d i e s  on t h e  a b l a t i o n  o f  l o w - d e n s i t y  m a t e r i a l s ,  n a m e l y ,  

Gas Dynamics  B r a n c h ,  A m e s  R e s e a r c h  Center-NASA 

Magne to  P l a s m a  Dynamics  B r a n c h ,  Ames R e s e a r c h  C e n t e r -  
NASA 

A p p l i e d  M a t e r i a l s  a n d  P h y s i c s  g i v i s i o n ,  L a n g l e y  
R e s e a r c h  Center-NASA 

o E n t r y  S t r u c t u r e s  B r a n c h ,  L a n g l e y  R e s e a r c h  Center-NASA 

Manned S p a c e c r a f t  C e n t e r -  -NASA 

The l a s t  o f  t h e s e ,  Manned S p a c e c r a f t  C e n t e r ,  h a s  a - s u b s o n i c  f a c i l i t y  w h i c h  

was i n c l u d e d  t o  p r o v i d e  a c o m p a r i s o n  w i t h  s u p e r s o n i c  f a c i l i t y  r e s u l t s .  

T h e  E n t r y  S t r u c t u r e s  B r a n c h  h a d  a h i g h e r  e n t h a l p y  f a c i l i t y  u n d e r  

c o n s t r u c t i o n  a n d  h a d  p l a n n e d  t o  u s e  i t  a s  w e l l  a s  t h e  low e n t h a l p y  a r c  

j e t  u s e d  i n  t h e  P h a s e  I r o u n d  r o b i n .  D e l a y  i n  c o m p l e t i n g  t h e  new f a c i l i t y  

p r e v e n t e d  t h e  p e r f o r m a n c e  o f  a n y  t e s t s  o n  i t .  T h e  A p p l i e d  M a t e r i a l s  a n d  

P h y s i c s  D i v i s i o n  a l s o  h a d  a c a p a b i l i t y  f o r  t e s t i n g  l a r g e  m o d e l s  a n d  t h e r e -  

f o r e  p a r t i c i p a t e d  i n  t h a t  p o r t i o n  o f  t h e  p r o g r a m .  
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B. M o d e l s  a n d  I n s t r u m e n t a t i o n  

A p p r o x i m a t e l y  t h i r t y  a b l a t i o n  m o d e l s ,  o n e  c a l o r i m e t e r ,  and  o n e  t o t a l  

r a d i a t i o n  p y r o m e t e r  were f u r n i s h e d  by SRI t o  e a c h  p a r t i c i p a n t .  Each  

f a c i l i t y  a l s o  p r o v i d e d  i n s t r u m e n t a t i o n  t o  m o n i t o r  t h e  t e s t  e n v i r o n m e n t s .  

1. M o d e l s  

I n  g e n e r a l ,  t h e  m o d e l s  h a d  t h e  same c o n f i g u r a t i o n  a s  i n  t h e  e a r l i e r  

s t u d y .  T h e  new m a t e r i a l s  i n t r o d u c e d  a d d i t i o n a l  f a b r i c a t i o n  p r o b l e m s  and  

t h e  n e e d  f o r  t h e r m o c o u p l e  i n s t r u m e n t a t i o n .  

a .  F a b r i c a t i o n  

The  a b l a t i o n  m o d e l s  u s e d  i n  t h e  s e c o n d  NASA r o u n d  r o b i n  were 

m a c h i n e d  f r o m  t h e  m a t e r i a l s  l i s t e d  i n  T a b l e  I .  

The  L a n g l e y  l o w - d e n s i t y  p h e n o l i c - n y l o n  was s u p p l i e d  a s  two 1 2 - i n . -  

d i a m e t e r  X $ - i n . -  t h i c k  b i l l e t s ,  a n d  t h e  Hughes  p h e n o l i c - n y l o n  was f u r n i s h e d  

i n  t h e  f o r m  o f  f i v e  1 2 - i n .  - d i a m e t e r  x 1 . 5 - i n .  - t h i c k  p i e c e s .  O n e - q u a r t e r  

i n c h  o f  m a t e r i a l  was d i s c a r d e d  f rom t h e  p e r i p h e r y  o f  a l l  l o w - d e n s i t y  

p h e n o l i c - n y l o n  b i l l e t s  t o  e n s u r e  u n i f o r m  m o d e l s .  

The  A v c o a t  m a t e r i a l  was s u p p l i e d  a s  two 1 2  X 1 2  X 2 - i n .  s h e e t s ,  

a n d  model  c o r e s  o f  t h i s  m a t e r i a l  were c u t  w i t h  a s i n g l e  honeycomb c e n t e r e d  

i n  t h e  c o r e  f a c e .  T h e  Avcoa t  a n d  l o w - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s  were 

f a b r i c a t e d  w i t h  h i g h - s p e e d  c u t t i n g  t e c h n i q u e s .  

T h e  M o d i f i e d  P u r p l e  B l e n d  m o d e l s  were m a c h i n e d  a p p r o x i m a t e l y  t e n  

p e r c e n t  o v e r s i z e  f rom a 1 6 - i n . - d i a m e t e r  x 4 - i n .  b i l l e t ,  and  t h e n  c u r e d  a t  

1 0 0 ° C  f o r  f o u r  h o u r s .  

p e r  h o u r ,  

t h e  m o d e l s  were m a c h i n e d  t o  s i z e  by h i g h - s p e e d  c u t t i n g  a n d  g r i n d i n g .  

T h e  h e a t - u p  r a t e  b e f o r e  t h e  s t a r t  o f  c u r e  was 1 5 0 ° C  

a n d  t h e  c o o l - d o w n  r a t e  a f t e r  c u r e  was 75°C p e r  h o u r .  A f t e r  c u r e ,  

T h e  G e n e r a l  E l e c t r i c  s i l i c o n e  m a t e r i a l  was s u p p l i e d  i n  t h e  f o r m  

o f  two 24 X 2 4  X 1 - i n .  s h e e t s .  M o d e l s  o f  t h i s  m a t e r i a l  w e r e  f a b r i c a t e d  by 

r o u g h ,  h i g h -  s p e e d  c u t t i n g  f o l l o w e d  by h i g h -  s p e e d  g r i n d i n g .  

T h e  1 . 2 5 - i n . - d i a m e t e r  T e f l o n  a n d  h i g h - d e n s i t y  p h e n o l i c - n y l o n  

m o d e l s  were f a b r i c a t e d  f rom t h e  same m a t e r i a l  u s e d  i n  t h e  P h a s e  I r o u n d -  

r o b i n  t e s t s ,  a s  d e s c r i b e d  i n  t h e  r e p o r t  on t h a t  s t u d y . ’  T h e  l a r g e - d i a m e t e r  

T e f l o n  m o d e l s  were p r e p a r e d  f r o m  t h e  i d e n t i c a l  g r a d e  o f  m a t e r i a l  p r o v i d e d  

by t h e  same s u p p l i e r  u s e d  i n  t h e  f i r s t  r o u n d  r o b i n .  
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A l l  m o d e l s  were c o n s t r u c t e d  w i t h  r e m o v a b l e  c o r e s  t o  s i m u l a t e  

o n e - d i m e n s i o n a l  h e a t  f l o w  t o  t h e  mode l  s t a g n a t i o n  r e g i o n .  S i n c e  t h e  

l o w - d e n s i t y  m a t e r i a l s  b e i n g  e v a l u a t e d  were p o r o u s  i n  s t r u c t u r e ,  t h e  b a c k  
f a c e  o f  t h e  c o r e  a n d  t h e  i n s i d e  s u r f a c e  o f  t h e  s h r o u d  were c o a t e d  wi- th  a 

t h i n  l a y e r  o f  RTV s i l i c o n  t o  p r e v e n t  h o t  g a s  f rom p a s s i n g  t h r o u g h  t h e  

m a t e r i a l .  T h i s  s i m u l a t e s  h a v i n g  t h e  m a t e r i a l  bonded  t o  a s u b s t r a t e .  T h e  

c o r e  d i a m e t e r  was o n e  h a l f  o f  t h e  t o t a l  mode l  d i a m e t e r  f o r  a l l  s i z e s .  

b. T h e r m o c o u p l e  I n s t r u m e n t a t i o n  

T h e  c o r e s  o f  a p p r o x i m a t e l y  s i x t y  m o d e l s  were i n s t r u m e n t e d  w i t h  

f o u r  3 6 - g a u g e  Chromel -Alumel  t h e r m o c o u p l e s  s p a c e d  a t  0 . 1 - i n .  i n t e r v a l s  

b a c k  f r o m  t h e  model  f r o n t  s u r f a c e .  The  t h e r m o c o u p l e s  were fo rmed  w i t h  a 

D y n a t e c  t h e r m o c o u p l e  w e l d e r .  

I n  t h e  c a s e  o f  t h e  two e l a s t o m e r i c  m a t e r i a l s ,  t h e  t h e r m o c o u p l e s  

were i n s e r t e d  i n t o  t h e  model  c o r e s  w i t h  a h y p o d e r m i c  n e e d l e  u s i n g  a p o s i -  

t i o n i n g  j i g .  The  l o w - d e n s i t y  p h e n o l i c - n y l o n  a n d  A v c o a t  c o r e s  were i n s t r u -  

m e n t e d  by d r i l l i n g  0 . 0 0 7 - i n . - d i a m e t e r  l o n g i t u d i n a l  h o l e s  and  d r a w i n g  i n  

t h e  t h e r m o c o u p l e s .  A f t e r  a s s e m b l y ,  t h e  i n s t r u m e n t e d  m o d e l s  were X - r a y e d  

a t  90" p l a n e s ,  

w i t h  a T e l e r e a d e x  v i e w e r .  

a n d  t h e  t h e r m o c o u p l e  p o s i t i o n s  m e a s u r e d  on t h e  X - r a y  f i l m s  

S k e t c h e s  o f  t h e  i n s t r u m e n t e d  a n d  u n i n s t r u m e n t e d  m o d e l s  a r e  shown 

i n  F i g .  1. T h e  a s s e m b l e d  1 . 2 5 - i n .  - d i a m e t e r  m o d e l s ,  w i t h  t h e i r  p l a s t i c  

s h i p p i n g  c o n t a i n e r s ,  a r e  shown i n  F i g .  2 .  The  u n i n s t r u m e n t e d  T e f l o n  a n d  

l o w - d e n s i t y  p h e n o l i c - n y l o n  m o d e l s  w i t h  d i a m e t e r s  r a n g i n g  f rom a 1 - i n .  

h e m i s p h e r e  t o  5 i n c h e s  f l a t  f a c e  a r e  shown i n  F i g .  3.  

2 .  I n s t r u m e n t a t i o n  

Two i n s t r u m e n t s ,  a c a l o r i m e t e r  and  a r a d i o m e t e r ,  were s u p p l i e d  by 

SRI f o r  u s e  i n  t h e  e x p e r i m e n t s .  A l l  o t h e r  i n s t r u m e n t a t i o n  a t  t h e  t e s t  

f a c i l i t y  was made a v a i l a b l e  by  t h e  p a r t i c i p a t i n g  o r g a n i z a t i o n .  

a .  SRI C a l o r i m e t e r  

T h e  SRI c a l o r i m e t e r  s u p p l i e d  t o  e a c h  f a c i l i t y  was i d e n t i c a l  i n  

d i m e n s i o n s  and  s h a p e  t o  t h e  c a l o r i m e t e r  u s e d  d u r i n g  t h e  P h a s e  I r o u n d  

r o b i n .  

v e l o p e d  a t  A m e s  R e s e a r c h  C e n t e r ,  NASA. T h e  s l u g  was o x y g e n - f r e e  c o p p e r  

w i t h  a 0 . 5  m i l - t h i c k  n i c k e l  p l a t i n g  o n  t h e  f r o n t  f a c e .  T h e  s l u g  was 

i s o l a t e d  f rom t h e  c o p p e r  s h r o u d  by t h r e e  s a p p h i r e  b e a r i n g s ,  a s  shown i n  

F i g .  4. T h e  s l u g  d i a m e t e r  was 0 . 6 2 5  i n . ,  wh ich  was e q u a l  t o  t h e  s a m p l e  

T h e  c a l o r i m e t e r  was a t r a n s i e n t ,  s l u g  t y p e  b a s e d  on  a d e s i g n  d e -  

14 



T 
1 

I .25 L 

p 0 . 6 2 5 -  

0.1 2 5  

~ 

ALL DIMENSIONS IN INCHES 

T 
~ 

LOCATION OF 
THERMOCOUPLE JUNCTIONS 

r--;-i 
r---i-- 7 
I I 

I 
FILLED WITH 
RTV SILICONE 

PHENOLIC 
BASE PLATE/ 

_L 0. IO 

T 
0.10 
0.10 

Pi 
I \36 ga Ch-AI 

THERMOCOUPLES 
T b - 4 5 1 2 - 3 6  

FIG. 1 DIMENSIONS O F  MODELS 

15 



t r  
%. 

c 

FIG. 2 MODELS FABRICATED FROM LOW-DENSITY MATERIALS 

16 



I .  

FIG. 3 MODELS OF VARIABLE RADIUS 

17 



COPPER SHROUD 
OXYGEN- FREE 
COPPER SLUG 

0.625 diam X 0.312 
THICK, WITH 0.5-mil t- 1.25 --I NICKEL PLATE 

SET SCREW 
S T A I N  LESS STEEL 
POSITIONING RING 

0.097-diam SAPPHIRE 
BEARINGS (THREE, AT 
120° SEPARATION 1 

36-ga Ch-AI THERMOCOUPLE 

INIATURE ELECTRICAL 
ALL DIMENSIONS IN  INCHES CONNECTION PLUG 

TA- 4512-6 R 

FIG. 4 DESIGN AND DIMENSIONS OF SRI CALORIMETER 

18 



c o r e  d i a m e t e r  i n  t h e  1 . 2 5 - i n .  - d i a m e t e r  m o d e l s .  T h e  a v e r a g e  s l u g  t e m p e r -  

a t u r e  was s e n s e d  by two p a r a l l e l ,  3 6 - g a u g e  Chromel -Alumel  t h e r m o c o u p l e s  

p e e n e d  i n t o  h o l e s  i n  t h e  s l u g  b a s e .  

The  w e i g h t  o f  e a c h  s l u g  i n  p o u n d s  was  s t a m p e d  on t h e  c a l o r i m e t e r  

b a s e ,  a n d  e a c h  f a c i l i t y  was p r o v i d e d  w i t h  a g r a p h  o f  t h e  s l u g  s p e c i f i c  

h e a t  v e r s u s  t e m p e r a t u r e .  The  h e a t  f l u x  was c a l c u l a t e d  by t h e  f a c i l i t y ,  

u s i n g  t h e  

where 

d a t a  t h a t  

f o l  l o w i n g  re 1 a t  i o n  s h i p :  

= h e a t  t r a n s f e r  r a t e ,  ( c o l d  w a l l ) ,  SRI c a l o r i m e t e r - B t u / f t 2  s e c  

= mass  o f  t h e  c a l o r i m e t e r  s l u g - l b  

= c a l o r i m e t e r  s e n s i n g  a r e a - 0 . 0 0 2 1 3  f t 2  

= t e m p e r a t u r e  a v e r a g e d  h e a t  c a p a c i t y  o f  c o p p e r - B t u / l b ° F  

= s l u g  t e m p e r a t u r e  r i s e  r a t e -OF/sec  

b.  SRI R a d i o m e t e r  

I n  an e f f o r t  t o  m i n i m i z e  t h e  s c a t t e r  i n  f r o n t  s u r f a c e  t e m p e r a t u r e  

was o b s e r v e d  i n  t h e  P h a s e  I r o u n d  r o b i n  when e a c h  f a c i l i t y  h a d  

i t s  own s p e c i a l  p y r o m e t e r ,  e a c h  f a c i l i t y  w a s  p r o v i d e d  w i t h  an  i d e n t i c a l  

r e f e r e n c e  p y r o m e t e r  f o r  m e a s u r i n g  t h e  f r o n t  s u r f a c e  t e m p e r a t u r e  o f  t h e  

mode l .  T h e  s e l e c t i o n  of t h i s  p y r o m e t e r  w a s  g o v e r n e d  by t h e  n e c e s s i t y  f o r  

a m o d e r a t e  c o s t ,  d u r a b l e  i n s t r u m e n t ;  and  a r a d i o m e t e r ,  o r  t o t a l  r a d i a t i o n -  

t y p e  p y r o m e t e r ,  was c h o s e n  a s  b e s t  s a t i s f y i n g  t h e s e  r e q u i r e m e n t s .  The 
i n s t r u m e n t  s e l e c t e d ,  which  w i l l  l a t e r  be  r e f e r r e d  t o  a s  t h e  SHI r a d i o m e t e r ,  

was a H o n e y w e l l  R a d i a m a t i c  D e t e c t o r ,  Model  R12-354546-7 .  T h i s  i n s t r u m e n t  

had  a f u s e d  s i l i c a  l e n s  and  v i ewed  t h e  t o t a l  r a d i a t i o n  o v e r  t h e  r a n g e  o f  

w a v e l e n g t h s  f rom 0 . 3  t o  3 . 9  m i c r o n s .  T h e  i n s t r u m e n t  r e q u i r e d  a 0 . 5 - i n . -  

d i a m e t e r  t a r g e t  w i t h  a 2 4 - i n .  s i g h t i n g  d i s t a n c e  t o  t h e  t a r g e t ;  i t  r e q u i r e d  

a l a r g e r  s i z e  t a r g e t  f o r  g r e a t e r  s i g h t i n g  d i s t a n c e s .  

The  m i l l i v o l t  o u t p u t  of t h e  SRI r a d i o m e t e r s  was c a l i b r a t e d  o v e r  

a r a n g e  o f  t e m p e r a t u r e s  f rom 2000 t o  4600°F  by v i e w i n g  an  i n d u c t i v e l y  

h e a t e d  g r a p h i t e  b l a c k  body .  The  b l a c k  body c a v i t y  was 1 . 5  i n .  i n t e r n a l  

19 



d i a m e t e r  X 2 . 0  i n .  h e i g h t ,  w i t h  a n  0 . 7 5 - i n - d i a m e t e r  t o p  v i e w i n g  p o r t .  The  

v i e w e d  b o t t o m  o f  t h e  c a v i t y  was  c o v e r e d  w i t h  a l a y e r  o f  lamp b l a c k .  The  

e n t i r e  g r a p h i t e  b l o c k  was s u r r o u n d e d  by two molybdenum r a d i a t i o n  s h i e l d s  

and  an  a r g o n - f i l l e d  chamber  w i t h  t h e  g l a s s  v i e w i n g  p o r t  removed.  The  

c a v i t y  t e m p e r a t u r e  was m o n i t o r e d  w i t h  a M i c r o  O p t i c a l  P y r o m e t e r  No. 95 
and  a L e e d s - N o r t h r u p  o p t i c a l  p y r o m e t e r .  E a c h  f a c i l i t y  was p r o v i d e d  w i t h  

p l o t s  o f  t h e  r a d i o m e t e r  o u t p u t  v e r s u s  t e m p e r a t u r e  p l u s  i n s t r u c t i o n s  f o r  

m o u n t i n g  t h e  r a d i o m e t e r .  

c .  F a c i l i t y  I n s t r u m e n t s  

T h e  e q u i p m e n t  and i n s t r u m e n t s  t h a t  were u s e d  by  e a c h  f a c i l i t y  

f o r  t h e  P h a s e  I1 r o u n d - r o b i n  a b l a t i o n  t e s t s  a r e  summar ized  i n  A p p e n d i x  A.  
T h i s  i n f o r m a t i o n  was b a s e d  on d a t a  c o l l e c t e d  a t  t h e  t i m e  t h e  model  t e s t s  

were w i t n e s s e d .  A d e t a i l e d  d e s c r i p t i o n  o f  e a c h  f a c i l i t y  i s  beyond  t h e  

s c o p e  o f  t h i s  r e p o r t ,  and  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  Append ix  A i s  i n -  

t e n d e d  o n l y  a s  a b r i e f  summary of  t h i s  e q u i p m e n t .  

C. Exp e r i m e n  t a 1  P r o c e d u r e s  

Each  p a r t i c i p a t i n g  f a c i l i t y  r e c e i v e d  a r u n  p l a n ,  s p e c i f y i n g  t h r e e  

t u n n e l  t e s t  c o n d i t i o n s  and  t h e  t e s t  r u n  t i m e s .  T u n n e l  t e s t  c o n d i t i o n s  

were s e l e c t e d  t h a t  wou ld  b e  w i t h i n  t h e  c a p a b i l i t y  e n v e l o p e  f o r  e a c h  

f a c i l i t y  and  a t  t h e  same t i m e  p r o v i d e  t e s t i n g  o f  t h e  a b l a t i o n  m a t e r i a l s  

o v e r  t h e  w i d e s t  r a n g e  of  c o n d i t i o n s .  The  t u n n e l  c o n d i t i o n s  s p e c i f i e d  

were  e n t h a l p y ,  h e a t i n g  r a t e ,  and s t a g n a t i o n  p r e s s u r e .  The  r a n g e  o f  t e s t  

p a r a m e t e r s  and  t h e  number of  m o d e l s  i n v o l v e d  i n  t h e  P h a s e  11 r o u n d  r o b i n  

a r e  g i v e n  i n  T a b l e  1 1 .  

T h r e e  m o d e l s  were t e s t e d  a t  v a r y i n g  r u n  t i m e s  a t  t h e  t u n n e l  c o n d i -  

t i o n  g i v i n g  t h e  l o w e s t  h e a t i n g  r a t e .  The  r u n  t i m e s  were s e t  t o  g i v e  

t o t a l  h e a t  l o a d s  (,,,At) o f  1 5 0 0 ,  3000,  and  5000 B t u / f t 2 .  

t h r e e  m o d e l s  were u n i n s t r u m e n t e d ,  and  t h e  r e m a i n i n g  model  w a s  i n s t r u m e n t e d  

w i t h  f o u r  t h e r m o c o u p l e s .  The  i n s t r u m e n t e d  model  was u s u a l l y  r u n  a t  t h e  

h i g h e s t  h e a t  l o a d  c o n d i t i o n .  

Two o f  t h e  

The  two  u n i n s t r u m e n t e d  m o d e l s  were t e s t e d  a t  v a r y i n g  r u n  t imes  f o r  

e a c h  of  t h e  o t h e r  two t u n n e l  c o n d i t i o n s .  T h e  t o t a l  h e a t  l o a d s  f o r  t h e s e  

c o n d i t i o n s  were 2000 and  5000 B t u / f t 2 .  
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T a b l e  I1 

TEST PARAMETERS FOR NASA ROUND-ROBIN ABLATION PROGRAM 

TUNNEL COM)ITIONS 
Enthalpy Range (B tu / lb )  

t i ea t ing  Rate  Range ( B t u / f t 2  sec: 

Model S t a g n a t i o n  P r e s s u r e  Range 
( a t 4  

Model R e f f  ( f t )  

NUMBER TESTED 

Langley P-N Scout  R/4B 

Hughes P-N H-5 

Avcoat 5026-39 HC/G 

Modified P u r p l e  Blend E4A1 

G.E. S i l i c o n e  ESM1004AP 

Tef lon  

High-Density Phenolic-Nylon 

IENS I T Y  
1 b / ~ ~ ~  

35.5 

35.7 

31 

33 .5  

36 .8  

135.6 

7 4 . 3  

PHASE I - ROUND R O B I N  

1500-16,000 

40-700 

0.006 -1.0 

0..172 

76 

97 

P A R T I C I P A N T S  

P H A S E  I1  - ROUND R O B I N  

T A S K  A 
H I G H  

P R E S S U R E  

1700-7000 

500- 33 00 

0.3-30 

0.172 

7 

8 

T A S K  B 
VARYING 

R e f f  

?500-12,000 

75-450 

0 .02  

0.0416-0..688 

16 

16 

T A S K  C 
NEW 

MATER1 A L S  

3000-34,000 

50- 11 00 

I. 004-1.0 

0.172 

65 

73  

70 

56 

55 

5 

5 

GDB, Ames  - I ,  I1 C 
MPDB, A m e s  - I1 C 
AMPD, Langley - I ,  I1 B, I1 C 
ESB, Langley - I ,  I1 C 
MSC, Houston ( supe r son ic )  - I1 C 
MSC, Houston ( subson ic )  - I ,  I1 C 
FMD, Wr igh t -Pa t t e r son  AFB - I 
Aerotherm - I1 C 
AVCO - I ,  I1 A, I1 C 

Boeing - I 
Genera l  Dynarnlcs - I 
Genera l  E l e c t r i c  - I 
Giannin i  - I ,  I1 C 
Mar t in  - I ,  I1 B, I1 C 
North American - I 
Space Genera l  - I1 C 
Corne l1  - I1 A 
I = Phase I ,  I1 A = Phase I1 - Task A 

I 
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The  p a r t i c i p a t i n g  o r g a n i z a t i o n  t h e n  p r o v i d e d  i n f  o r m a t i o n  on t h e  

t e s t  e n v i r o n m e n t  and  t h e  model  r e s p o n s e .  E a c h  f a c i l i t y  was a l s o  r e , q u e s t e d  

t o  make a h e a t i n g  r a t e  and p r e s s u r e  p r o f i l e  s u r v e y  o f  t h e  j e t  s t r e a m  f o r  

e a c h  o f  t h e  t h r e e  t e s t  c o n d i t i o n s .  

1 .  Measuremen t  o f  T e s t  E n v i r o n m e n t  

The  t u n n e l  o p e r a t i n g  c o n d i t i o n s  t h a t  were u s e d  f o r  e a c h  a b l a t i o n  

t e s t  a r e  t a b u l a t e d  i n  A p p e n d i x  B. T h e  t a b l e s  c o n t a i n  a l l  d a t a  r e p o r t e d  

by t h e  f a c i l i t i e s  i n  t h e i r  o r i g i n a l  fo rm;  t h a t  i s ,  i f  t h e  f a c i l i t y  r e p o r t e d  

t h e  t u n n e l  c a l i b r a t i o n  d a t a  s e p a r a t e l y ,  t h e y  a r e  l i s t e d  s e p a r a t e l y  i n  

A p p e n d i x  B. Some f a c i l i t i e s  w i t h  l i m i t e d  i n s e r t i o n  c a p a b i l i t y  combined  

c a l i b r a t i o n  a n d  r u n  d a t a ,  a l t h o u g h  t h e s e  w e r e  o b t a i n e d  a t  d i f f e r e n t  t i m e s .  

The  t a b l e s  c o n t a i n  p e r t i n e n t  f o o t n o t e s  on t h e  f a c i l i t y  m e a s u r e m e n t  t e c h -  

n i q u e s .  

A l t h o u g h  t h e  t u n n e l  c o n d i t i o n s  and  r u n  t imes  were s p e c i f i e d  by SRI, 
an  e f f o r t  was made n o t  t o  i n f l u e n c e  t h e  m e a s u r e m e n t  t e c h n i q u e s  and  me thods  

u s e d  by e a c h  f a c i l i t y .  The o n l y  i n s t r u c t i o n s  i s s u e d  by t h e  I n s t i t u t e  

c o v e r e d  t h e  u s e  o f  t h e  SRI c a l o r i m e t e r  and  r a d i o m e t e r .  

a .  E n t h a l p y  

E i g h t  o f  t h e  t w e l v e  p a r t i c i p a t i n g  f a c i l i t i e s  m e a s u r e d  t h e  a v e r a g e  

t o t a l  e n t h a l p y  o f  t h e  p l a s m a  s t r e a m  w i t h  a s i n g l e  t e c h n i q u e ;  t h r e e  o r g a n -  

i z a t i o n s  u s e d  two m e t h o d s ;  a n d  one  g r o u p  u s e d  t h r e e  m e t h o d s .  

Ten  o f  t h e  f a c i l i t i e s  m e a s u r e d  t h e  mean e n t h a l p y  o f  t h e  p l a s m a  

s t r e a m  by t h e  e n e r g y  b a l a n c e  m e t h o d ;  t h r e e  g r o u p s  u s e d  t h e  s o n i c  f l o w  

m e t h o d ;  a n d  two g r o u p s  c a l c u l a t e d  a l o c a l  e n t h a l p y  f rom t h e  h e a t  t r a n s f e r  

d a t a .  C o r n e l 1  c a l c u l a t e d  t h e  e n t h a l p y  o f  t h e  t e s t  g a s  i n  t h e  Wave S u p e r -  

h e a t e r  f rom t h e  t e m p e r a t u r e  a n d  p r e s s u r e  o f  t h e  h e l i u m  d r i v e r  g a s .  

None o f  t h e  g r o u p s  u s e d  an e n t h a l p y  p r o b e  t o  d e t e r m i n e  l o c a l i z e d  

e n t h a l p y ,  and w h i l e  i n t e r e s t  i n  t h i s  t y p e  o f  i n s t r u m e n t  i s  c o n t i n u i n g ,  t h e  

r e s u l t s  t o  d a t e  h a v e  b e e n  somewhat  d i s c o u r a g i n g .  The  l o c a l  e n t h a l p y  i n  

t h e  v i c i n i t y  o f  t h e  model  c a n  be i n f e r r e d  f rom t h e  F a y - R i d d e l l  r e l a t i o n  

when f l o w  i s  s u p e r s o n i c ,  a n d  i t  was c a l c u l a t e d  f r o m  t h e  h e a t i n g  r a t e  and  

s t a g n a t i o n  p r e s s u r e  t r a v e r s e s  t h a t  were made a t  e a c h  f a c i l i t y .  T h e s e  

t r a v e r s e s  a r e  r e p o r t e d  i n  S e c t i o n  IV-A.  

2 2  



Some o f  t h e  p r o b l e m s  and  d i f f i c u l t i e s  e n c o u n t e r e d  when m e a s u r i n g  

e n t h a l p y  by v a r i o u s  m e t h o d s  a r e  d e t a i l e d  be low.  

(1) E n e r g y  B a l a n c e  E n t h a l p y .  T h e  m a j o r i t y  of p a r t i c i p a n t s  

p r e f e r r e d  t h e  e n e r g y  b a l a n c e  method o f  m e a s u r i n g  e n t h a l p y .  The  a v e r a g e  
e n t h a l p y  o f  t h e  p l a s m a  s t r e a m  was c a l c u l a t e d  by s u b t r a c t i n g  t h e  h e a t  l o s s e s  

i n  t h e  a r c  g e n e r a t o r  and  n o z z l e  f rom t h e  t o t a l  i n p u t  power  a n d  d i v i d i n g  
t h e  r e s u l t i n g  n e t  power by t h e  m a s s  g a s  f l o w .  The  power  l o s s e s  were d e -  

t e r m i n e d  by m e a s u r i n g  t h e  c o o l i n g  w a t e r  f l o w  r a t e s  and  t h e  s m a l l  t e m p e r -  

a t u r e  r i s e  of  t h e  w a t e r  a s  i t  p a s s e s  t h r o u g h  t h e  a p p a r a t u s .  Some f a c i l -  

i t i e s  u s e d  a t h e r m o p i l e  a r r a n g e m e n t  of  t h e  t h e r m o c o u p l e s  t o  i n c r e a s e  t h e  

a c c u r a c y  o f  t h e  w a t e r  t e m p e r a t u r e  r i s e  m e a s u r e m e n t s .  The  e n e r g y  b a l a n c e  

method i s  s i m p l e  i n  c o n c e p t  b u t  may r e q u i r e  f rom f i v e  t o  t e n  s e p a r a t e  

r e a d i n g s ,  e a c h  w i t h  i t s  a t t e n d a n t  e r r o r ,  and  t h e  a c c u m u l a t e d  e r r o r s  c a n  

be c o n s i d e r a b l e .  

( 2 )  S o n i c  F low E n t h a l p y .  T h e  mean t o t a l  e n t h a l p y ,  h t ,  o f  t h e  

j e t  c a n  be c a l c u l a t e d  from t h e  g a s  mass  f l o w  r a t e ,  W ,  t h e  r e s e r v o i r  p r e s -  

s u r e ,  p t  , and n o z z l e  t h r o a t  a r e a ,  A * ,  a c c o r d i n g  t o  t h e  f o l l o w i n g  r e l a t i o n -  

s h i p :  
1 

One p r o b l e m  e n c o u n t e r e d  w i t h  t h i s  method i s  t h e  d i f f i c u l t y  o f  m e a s u r i n g  a 

t r u e  s t a t i c  chamber  p r e s s u r e ,  s i n c e  mos t  a r c  h e a t e r s  a r e  v o r t e x  o r  m a g n e t -  

i c a l l y  s t a b i l i z e d ,  wh ich  c a n  r e s u l t  i n  a dynamic  p r e s s u r e  c o m p o n e n t .  A n y  

measu remen t  e r r o r  i s  m a g n i f i e d  w h e n  r a i s e d  t o  t h e  power  i n d i c a t e d  i n  e q u a -  

t i o n  ( 2 ) .  A n o t h e r  d i f f i c u l t y  a r i s e s  when t h e  s t r e a m  i s  n o t  i n  c h e m i c a l  

and  the rmodynamic  e q u i l i b r i u m .  A c o r r e c t i o n  f o r  f r o z e n  f l o w  t h a t  i n c r e a s e s  

w i t h  i n c r e a s i n g  e n t h a l p y  must  t h e n  be a d d e d  t o  t h e  a b o v e  r e l a t i o n s h i p .  

A m o d i f i c a t i o n  o f  t h e  s o n i c  f l o w  method was d e v e l o p e d  by R . P o p e 3  

o f  t h e G a s  Dynamics  B r a n c h  a t  A m e s R e s e a r c h  C e n t e r  whereby  t h e  t e m p e r a t u r e  o f  

t h e  g a s  i n  t h e  r e s e r v o i r  p r i o r  t o  e x p a n s i o n  i n  t h e  n o z z l e  i s  c a l c u l a t e d .  

The  c a l c u l a t i o n  t h e n  p e r m i t s  t h e  e n t h a l p y  o f  t h e  p l a s m a  s t r e a m  i n  t h e  

c e n t e r - l i n e  a r e a  o f  t h e  model  t o  be  d e t e r m i n e d . 4 a  

( 3 )  H e a t  F l u x  E n t h a l p y .  A l o c a l  e n t h a l p y  o f  t h e  p l a s m a  s t r e a m  

c a n  be c a l c u l a t e d  f rom t h e  c o l d  w a l l  h e a t  f l u x  u s i n g  t h e  r e l a t i o n s h i p s  o f  

F a y - R i d d e l l '  o r  Lees .8  

e n t h a l p y  i n  t h e  same a r e a  o f  t h e  s t r e a m  a s  t h e  a b l a t i n g  s a m p l e s  a r e  

T h i s  method h a s  t h e  a d v a n t a g e  o f  i n d i c a t i n g  an 

B a 



e x p o s e d  t o  and  w i l l  b e  d e s c r i b e d  i n  S e c .  I V - A .  
v a r i a t i o n s  i n  t h e  h e a t  f l u x  m e a s u r e m e n t  r e s u l t i n g  f rom g e o m e t r y  and  r e -  

c o m b i n a t i o n  e f f e c t s ;  t h e s e  w i l l  b e  d i s c u s s e d  l a t e r .  

I t s  d i s a d v a n t a g e s  a r e  

b .  H e a t  F l u x  

The  c a l o r i m e t e r s  t h a t  w e r e  u s e d  by t h e  v a r i o u s  f a c i l i t i e s  a r e  

d e s c r i b e d  i n  A p p e n d i x  A and  i n  t h e  f o o t n o t e s  t o  A p p e n d i x  B. The  d e t a i l s  

o f  t h e s e  c a l o r i m e t e r s  a r e  summar ized  i n  T a b l e  111. F i v e  o f  t h e  c a l o r i m -  

e t e r s  were  c o m m e r c i a l l y  a v a i l a b l e  d e s i g n s ,  p r i m a r i l y  o f  t h e  Gardon  t y p e ,  

and s e v e n  w e r e  “ i n - h o u s e ”  d e s i g n s .  F ive  o f  t h e  c a l o r i m e t e r s  were  hemi -  

s p h e r i c a l l y  s h a p e d a n d  s e v e n  w e r e  f l a t  f a c e d .  A wide  r a n g e  o f  t o t a l  

d i a m e t e r  and  s e n s i n g  a r e a  d i a m e t e r s  was p r e s e n t  i n  t h e  f a c i l i t y  c a l o r i m -  

e t e r s .  The  c a l o r i m e t e r  s e n s i n g  a r e a s  were  c o n s t r u c t e d  o f  f o u r  d i f f e r e n t  

m e t a l s .  

T a b l e  I11 

FACILITY CALORIMETER DESCRIPTION 

F ACI LI TY 

SRI 

Ames Research 
GDB 

Cent e r- 

CALORIMETER TYPE 

Ames Research Center -  
MPDB 

Langley Research Center -  

Langley Research Cen te r -  

Manned S p a c e c r a f t  Cen te r  

Aerotherm Corp. 

AVCO Corp. 

G i  ann in i  S c i e n t i f i c  Corp. 

Mar t in  Co. 

AMFTl 

ESB 

Space Genera l  Corp. 

Corne l1  Aeronaut ica l  Lab. 
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T r a n s i e n t  s l u g  

T r a n s i e n t  s l u g  

T r a n s i e n t  s l u g  

T r a n s i e n t ,  t h i n -  s h e l l  
m u l t i p l e  TC’ s 

T r a n s i e n t ,  t h i n -  s h e l l  
m u l t i p l e  TC’ s 

Hy-Cal, asymptot ic  

Hy-Cal, asymptot ic  

T r a n s i e n t ,  long s l u g  

S teady  s t a t e  

Thermogage, 
a sympto t i c  

Hy-Cal,  asymptot ic  

T r a n s i e n t  s l u g  

CALORIMETER 
SHAPE 

F l a t  f a c e  

Hemisphere 

Hemisphere 

Hemisphere 

H e m i  s p h e r e  

F l a t  f a c e  

F l a t  f a c e  

F l a t  f a c e  

Hemisphere 

F l a t  f a c e  

F l a t  f a c e  

H e m i s  h e r e  
w i  ti 
c o n i c a l  
s k i r t  

SURFACE 
MATER1 AL 

Vicke l  
p l a t e  on 
copper 

c o a t i n g  
on copper 

Gold p l a t e  

Tef lon  

on copper 

S t a i n l e s s  
s tee1 

S t a i n l e s s  
steel 

Cons tan t  an 

Con s t an t a n  

Copper 

Copper 

Con st an tan 

Constan tan  

Copper 

1 .25  

0.75 

1 .25  

2.0 

1 . 5  

1 .25  

1 .5  

1.25 

0.625 

1 .25  

1.25 

0.6 

0 .625  

0.313 

0 .375  

2.0 

1 . 5  

0.15 

0.20 

0.375 

0.625 

0.10 

0.10 

0.090 



As p o i n t e d  o u t  e a r l i e r ,  e a c h  f a c i l i t y  c o n d u c t e d  h e a t  f l u x  t r a -  - 

v e r s e s  f o r  e a c h  t u n n e l  c o n d i t i o n ;  t h e  r e s u l t s  a r e  r e p o r t e d  i n  Sec. I V - A .  

(1) T r a n s i e n t  C a l o r i m e t e r s .  The  m a j o r i t y  o f  t h e  t r a n s i e n t  

c a l o r i m e t e r s  u s e d  d u r i n g  t h i s  s t u d y  c o u l d  be  c a t e g o r i z e d  a s  “ m e d i u m - l e n g t h ”  

s l u g  c a l o r i m e t e r s ,  i . e . ,  s l u g  l e n g t h  of  o n e - h a l f  t o  o n e  t imes  t h e  s l u g  

d i a m e t e r .  T h e s e  c a l o r i m e t e r s  were e x p o s e d  t o  t h e  p l a s m a  s t r e a m  f o r  a 

few s e c o n d s ;  t h e  h e a t  f l u x  was d e t e r m i n e d  f rom t h e  s l u g  t e m p e r a t u r e  r i s e  

r a t e  by a r e l a t i o n  a n a l o g o u s  t o  e q u a t i o n  ( 1 ) .  

The  two L a n g l e y  f a c i l i t i e s  u s e d  a t h i n - w a l l e d ,  s l u g - t y p e  

c a l o r i m e t e r  c o n t a i n i n g  a t h i n ,  s t a i n l e s s  s t e e l  h e m i s p h e r e  i n s t r u m e n t e d  

w i t h  a number o f  t h e r m o c o u p l e s .  T h i s  a r r a n g e m e n t  p e r m i t t e d  d e t e r m i n a t i o n  

of  t h e  h e a t  f l u x  d i s t r i b u t i o n  n o t  o n l y  a t  t h e  s t a g n a t i o n  p o i n t  b u t  a l s o  

o v e r  t h e  h e m i s p h e r e .  The  AVCO c a l o r i m e t e r  was a s p e c i a l l y  d e s i g n e d ,  

l o n g - s l u g  c a l o r i m e t e r ,  i n  w h i c h  t h e  t h e r m o c o u p l e  was moun ted  i n  a 1 . 5 - i n .  

l o n g  c o p p e r  s l u g ,  0 . 0 2 0  i n .  f rom t h e  f r o n t  s e n s i n g  s u r f a c e .  The  t e m p e r -  

a t u r e  r i s e  r a t e  was e v a l u a t e d  w i t h  a c o m p u t e r  p r o g r a m  t o  c a l c u l a t e  t h e  

c o l d  w a l l  h e a t  f l u x .  

( 2 )  S t e a d y - S t a t e  C a l o r i m e t e r s .  The  s t e a d y - s t a t e  c a l o r i m e t e r  

u s e d  by G i a n n i n i  was a w a t e r - c o o l e d ,  t e m p e r a t u r e - r i s e  t y p e .  The  h e a t  

f l u x  was c a l c u l a t e d  w i t h  t h e  r e l a t i o n :  

kc w = (hCpAT)/A 

where  

w = c o o l i n g  w a t e r  f l o w  r a t e - l b / s e c  

Cp = h e a t  c a p a c i t y  o f  w a t e r - B t u / l b ° F  

AT = t e m p e r a t u r e  r i s e  o f  t h e  c o o l i n g  water-OF 

A = s e n s i n g  a r e a - F t 2  

( 3 )  

S i n c e  t h e  s e n s i n g  a r e a  c o v e r e d  t h e  e n t i r e  h e m i s p h e r e ,  t h e y  c o r r e c t e d  t h e  

a v e r a g e  h e a t  f l u x  t o  c e n t e r - l i n e  s t a g n a t i o n  c o n d i t i o n s  w i t h  t h e  s p e c i a l  

r e l a t i o n  ;Icw = 2 . 1 4  . 
A V  
cw 
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The  m a j o r i t y  o f  t h e  s t e a d y - s t a t e  c a l o r i m e t e r s  u s e d  d u r i n g  t h i s  

s t u d y  were o f  t h e  G a r d o n  o r  a s y m p t o t i c  t y p e s  m a n u f a c t u r e d  by e i t h e r  Hy-Ca l  

o r  The rmogage .  T h e  h e a t  f l u x  was d e t e r m i n e d  by m e a s u r i n g  t h e  t e m p e r a t u r e  

d i f f e r e n c e  b e t w e e n  t h e  c e n t e r  and  t h e  c o o l e d  p e r i p h e r y  o f  a t h i n  c o n s t a n t a n  

d i s c .  A s m a l l - d i a m e t e r  c o p p e r  wi re  was c o n n e c t e d  t o  t h e  c e n t e r  o f  t h e  

d i s c  a n d  t h e  d i s c  p e r i p h e r y  was w e l d e d  t o  t h e  c o o l e d  c o p p e r  s h r o u d ,  fo rm-  

i n g  t h e  h o t  a n d  c o l d  t h e r m o c o u p l e  j u n c t i o n s .  T h e  r a d i a l  t e m p e r a t u r e  

d i f f e r e n c e  on  t h e  d i s c  i s  a f u n c t i o n  o f  h e a t  f l u x ,  d i s c  t h i c k n e s s ,  d i am-  

e t e r ,  a n d  t h e r m a l  p r o p e r t i e s .  S i n c e  t h e  l a s t  t h r e e  f a c t o r s  a r e  c o n s t a n t  

f o r  a g i v e n  i n s t r u m e n t ,  t h e  h e a t  f l u x  c a n  be  c a l c u l a t e d  f rom t h e  m i l l i v o l t  

d i f f e r e n c e  b e t w e e n  t h e  two t h e r m o c o u p l e  j u n c t i o n s .  

c .  P r e s s u r e  

B e c a u s e  t h e  P h a s e  I s t u d y  r e v e a l e d  a good  c o r r e l a t i o n  b e t w e e n  

t h e  SRI u n c o o l e d  p i t o t  p r o b e  and  t h e  v a r i o u s  f a c i l i t y  p r o b e s ,  i t  was 

d e c i d e d  n o t  t o  i n c l u d e  an  SRI p r e s s u r e  p r o b e  i n  t h i s  s t u d y .  T h e r e f o r e ,  

a l l  model  s t a g n a t i o n  v a l u e s  l i s t e d  i n  A p p e n d i x  A were m e a s u r e d  w i t h  t h e  

f a c i l i t y  p i t o t  p r o b e s  a n d  p r e s s u r e  g a u g e s  o r  t r a n s d u c e r s .  T h e  m a j o r i t y  

o f  t h e  p i t o t  p r o b e s  were  w a t e r - c o o l e d ,  f l a t - f a c e d  c y l i n d e r s  r a n g i n g  i n  

s i z e  f rom 0 . 3 7 5  t o  0 . 7 5  i n .  i n  d i a m e t e r .  T h e  s t a g n a t i o n  p r e s s u r e  P t  , 
was m e a s u r e d  w i t h  a w i d e  v a r i e t y  o f  g a u g e s  and  t r a n s d u c e r s ,  a s  d e s c r i b e d  

i n  A p p e n d i x  A.  S t a g n a t i o n  p r e s s u r e  t r a v e r s e s  o f  t h e  p l a s m a  j e t  were 

made a t  e a c h  f a c i l i t y  f o r  e a c h  t u n n e l  c o n d i t i o n ;  t h e  r e s u l t s  a r e  r e p o r t e d  

i n  S e c t i o n  I V - A .  

2 

The  e x p a n s i o n  o f  t h e  j e t  t h r o u g h  t h e  n o z z l e  was c o n t r o l l e d  a t  

mos t  f a c i l i t i e s  by b l e e d i n g  a i r  i n t o  t h e t e s t  s e c t i o n  o r  by t h r o t t l i n g t h e  

vacuum l i n e .  Some f a c i l i t i e s  m o n i t o r e d  t h e  j e t  e x p a n s i o n  by m a t c h i n g  t h e  t e s t  

chamber  p r e s s u r e  t o t h e  n o z z l e  e x i t p r e s s u r e ,  a n d t h e  r e m a i n d e r  o f t h e  g r o u p s  

m o n i t o r e d  t h e  s t r e a m  v i s u a l l y .  

2 .  Measuremen t  o f  Model R e s p o n s e  

M e a s u r e m e n t s  o f  model  r e s p o n s e  were made b o t h  d u r i n g  t h e  r u n  and  

a f t e r  i t s  c o m p l e t i o n .  T h e s e  i n c l u d e  model  t e m p e r a t u r e s  a s  w e l l  a s  p h y s -  

i c a l  c h a n g e s  i n  t h e  mode l .  
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a .  F r o n t  S u r f a c e  and  I n t e r n a l  T e m p e r a t u r e  

To r e d u c e  t h e  s c a t t e r  o f  f r o n t  s u r f a c e  t e m p e r a t u r e  d a t a  t h a t  

was e x p e r i e n c e d  d u r i n g  t h e  f i r s t  r o u n d  r o b i n ,  e l e v e n  f a c i l i t i e s  were 

s u p p l i e d  w i t h  i d e n t i c a l ,  c a l i b r a t e d  t o t a l  r a d i a t i o n  p y r o m e t e r s .  They  

were a l s o  s e n t  s u g g e s t i o n s  f o r  m o u n t i n g  t h e  p y r o m e t e r  i n  t h e  t u n n e l  and  

i n s t r u c t i o n s  f o r  t h e  u s e  o f  t h e  i n s t r u m e n t .  

I n  m o s t  c a s e s ,  a f a c i l i t y  p y r o m e t e r  was u s e d  i n  a d d i t i o n  t o  t h e  

SRI r a d i o m e t e r ;  h o w e v e r ,  Ames-GDB a l s o  u s e d  a t o t a l  r a d i a t i o n  p y r o m e t e r .  

Most  f a c i l i t y  i n s t r u m e n t s  were e i t h e r  manua l  o r  a u t o m a t i c  m o n o c h r o m a t i c  

o p t i c a l  p y r o m e t e r s .  A l l  t h e  i n s t r u m e n t s  m e a s u r e d  t h e  b r i g h t n e s s  t e m p e r a t u r e  

o f  t h e  model  s u r f a c e ,  and  t h e  r e s u l t s  were r e p o r t e d  a s s u m i n g  a n  e m i s s i v i t y  

o f  u n i t y .  

The  Langley-AMPD g r o u p  u s e d  a p h o t o g r a p h i c  p y r o m e t e r  t h a t  v i e w e d  

t h e  e n t i r e  model  s u r f a c e  a n d  made e x p o s u r e s  a t  f r e q u e n t  i n t e r v a l s .  The  

s u r f a c e  t e m p e r a t u r e s  were t h e n  m e a s u r e d  from d e n s i t o m e t e r  t r a c e s  o f  t h e  

d e v e l o p e d  f i l m .  I n t e r n a l  t e m p e r a t u r e s  were  m e a s u r e d  a t  e i g h t  f a c i l i t i e s  

wh ich  h a d  t h e  c a p a b i l i t y  o f  c o n n e c t i n g  t h e  model  t h e r m o c o u p l e s  t o  i n s t r u -  

ment l e a d s  i n  t h e  i n s e r t i o n  p r o b e .  The  o u t p u t  o f  t h e  t h e r m o c o u p l e s  was 

t h e n  f e d  i n t o  a c o n t i n u o u s  m u l t i c h a n n e l  r e c o r d e r .  

T h e s e  model  t e m p e r a t u r e s  were r e c e i v e d  f rom t h e  f a c i l i t i e s  i n t h e  

fo rm o f  g r a p h s  o f  t e m p e r a t u r e  v e r s u s  t i m e .  S i n c e  r e p r o d u c t i o n  o f  t h e s e  

g r a p h s  i n  t h e i r  e n t i r e t y  was i m p r a c t i c a l ,  s u f f i c i e n t  d a t a  w e r e  t a k e n  

f rom them t o  a l l o w  r e d r a w i n g  o f  t h e  o r i g i n a l  c u r v e s .  T h e s e  d a t a  a r e  

t a b u l a t e d  i n  A p p e n d i x  C. 

b .  Mass and  L e n g t h  C h a n g e s  

A p r e l i m i n a r y  c h e c k  i n d i c a t e d  t h a t  t h e  model  c o r e  w e i g h t s  o f  

t h e  l o w - d e n s i t y  m a t e r i a l s  w e r e  n o t  c o n s t a n t  u n d e r  v a r y  n g  a m b i e n t  c o n d i -  

t i o n s .  C o n s e q u e n t l y ,  a s t u d y  was made o f  t h e  e q u i l i b r  um w a t e r  c o n t e n t  

o f  t h e  f i v e  l o w - d e n s i  t y  m a t e r i a l s  a t  v a r i o u s  r e l a t i v e  h u m i d i t i e s ;  

t h e  r e s u l t s  a r e  shown i n  F i g .  5 .  A s  a r e s u l t  o f  t h e  s t u d y ,  i t  was d e -  

c i d e d  t o  e q u i l i b r a t e  t h e  model  c o r e s  t o  50 p e r c e n t  r e l a t i v e  h u m i d i t y  

b e f o r e  and  a f t e r  t e s t i n g .  The  l e n g t h  a n d  d i a m e t e r  o f  a l l  model  c o r e s  

were m e a s u r e d  and  t h e  c o r e s  c o n d i t i o n e d  f o r  2 4  h o u r s  a t  50 p e r c e n t  r e l a t i v e  

h u m i d i t y  and  7 0 - 7 5 ° F  b e f o r e  w e i g h i n g  on a n  a n a l y t i c a l  b a l a n c e .  T h e  model  

was t h e n  a s s e m b l e d ,  r e w e i g h e d ,  a n d  i t s  t o t a l  l e n g t h  d e t e r m i n e d  w i t h  a 

d i  a1  m i c r o m e t e r .  



The f a c i l i t y  d e t e r m i n e d  t h e  model  r e c e s s i o n  a n d  t h e  t o t a l  model  

w e i g h t  l o s s  a f t e r  c o m p l e t i o n  o f  t h e  t e s t .  

I n s t i t u t e ,  and  t h e  t o t a l  mode l  w e i g h t  l o s s  a n d  f r o n t  s u r f a c e  r e c e s s i o n  were 

a g a i n  m e a s u r e d .  Model b a s e  p l a t e s  were removed a n d  t h e  r e c e s s i o n  o f  t h e  

f r o n t  s u r f a c e  o f  t h e  c o r e  r e c h e c k e d .  The  model  c o r e  was p r e s s e d  o u t  o f  

t h e  s h r o u d ,  r e c o n d i t i o n e d  a s  d e s c r i b e d  a b o v e ,  and  t h e  w e i g h t  l o s s  o f  t h e  

c o r e  d e t e r m i n e d .  T h e  c o r e  c h a r  c a p  w a s  removed a n d  t h e  s u b s t r a t e  s c r a p e d  

b a c k  t o  t h e  s t a r t  o f  t h e  p y r o l y s i s  z o n e .  T h e  c o r e s  were r e w e i g h e d  a n d  

m e a s u r e d  s o  t h a t  c h a r  w e i g h t ,  t h i c k n e s s ,  a n d  d e n s i t y  c o u l d  b e  c a l c u l a t e d .  

T h e  m o d e l s  were r e t u r n e d  t o  t h e  

T h e  m e a s u r e m e n t s  made a t  SRI on t h e  m o d e l s  a r e  l i s t e d  i n  t h e  

l a s t  f i v e  c o l u m n s  o f  t h e  t a b l e s  i n  A p p e n d i x  B. T h e  w e i g h t s  l i s t e d  i n  t h e  

t a b l e s  a r e  f o r  t h e  0 . 6 2 5 - i n .  - d i a m e t e r  ( 0 . 0 0 2 1 3  f t 2  c r o s s - s e c t i o n e d  a r e a )  

c o r e s ,  e x c e p t  where  n o t e d .  Mass l o s s  r a t e s  were d e t e r m i n e d  f o r  e a c h  

m a t e r i a l  a n d  e a c h  t u n n e l  c o n d i t i o n  a n d  a r e  l i s t e d  i n  A p p e n d i x  D w i t h  

o t h e r  d e r i v e d  i n f o r m a t i o n .  F o r  c a s e s  when two m o d e l s  w i t h  v a r y i n g  r u n  

t i m e s  were t e s t e d ,  t h e  m a s s  l o s s  r a t e  was c a l c u l a t e d  a s  t h e  s l o p e  b e t w e e n  

t h e  two d a t a  p o i n t s .  When t h r e e  o r  more s a m p l e s  were r u n ,  t h e  mass  l o s s  

r a t e  was d e t e r m i n e d  f rom t h e  s l o p e  o f  t h e  b e s t  s t r a i g h t  l i n e  t h r o u g h  t h e  

d a t a .  I n  a v e r y  few i n s t a n c e s  t h e  m a s s  l o s s  r a t e  was d e t e r m i n e d  f rom a 

s i n g l e  r u n ,  and  f o r  t h e s e  c a s e s  t h e  s l o p e  was  a s sumed  t o  p a s s  t h r o u g h  

z e r o .  

c .  C h a r  D e n s i t v  

The  v a r i a t i o n  i n  c h a r  d e n s i t y  f rom t h e  f r o n t  s u r f a c e  t o  t h e  

v i r g i n - m a t e r i a l  i n t e r f a c e  was m e a s u r e d  on a few s a m p l e s  u s i n g  an  X - r a y  

m e a s u r e m e n t  t e c h n i q u e  t h a t  was d e v e l o p e d  a t  SRI. A 0 . 5 - i n . - w i d e  x 0 . 1 - i n . -  

t h i c k  s a m p l e  i n c l u d i n g  t h e  c h a r  was c u t  a l o n g  t h e  c e n t e r  l i n e  f rom t h e  

f r o n t  t o  t h e  b a c k  o f  t h e  a b l a t e d  model  c o r e .  T h e  c h a r  l a y e r  was t h e n  

s c a n n e d  from t h e  f r o n t  s u r f a c e  t o  t h e  v i r g i n  m a t e r i a l  w i t h  a 0 . 2 5 0  X 0 . 0 0 3 -  

i n . - t h i c k  X - r a y  beam n o r m a l  t o  t h e  o r i g i n a l  model  co re  a x i s .  A t t e n u a t i o n  

o f  t h e  X - r a y  beam i n d i c a t e d  t h e  c h a r  d e n s i t y  p r o f i l e .  

3. T e s t  P r o c e d u r e  

The  t u n n e l  o p e r a t i n g  v a r i a b l e s  s u c h  a s  power  and  g a s  f l o w  r a t e  were 

e s t a b l i s h e d  by  t r i a l  a n d  e r r o r  a t  e a c h  f a c i l i t y  t o  meet t h e  t u n n e l  c o n d i -  

t i o n  r e q u e s t e d  by t h e  I n s t i t u t e .  T h e  f a c i l i t y  was a l l o w e d  t o  m a t c h  e i t h e r  
t h e  r e q u e s t e d  e n t h a l p y  a n d  s t a g n a t i o n  p r e s s u r e  o r  a s p e c i f i e d  h e a t  f l u x  

and  p r e s s u r e .  
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The  s e q u e n c e  f o l l o w e d  by  t h e  f a c i l i t y  i n  m e a s u r i n g  t h e  r e q u e s t e d  

t u n n e l  v a r i a b l e s  was l a r g e l y  d i c t a t e d  by t h e  number  o f  i n s t r u m e n t s  t h a t  

c o u l d  be  s e q u e n t i a l l y  i n s e r t e d  i n t o  t h e  p l a s m a  s t r e a m  d u r i n g  a s i n g l e  

r u n .  We h a v e  t e r m e d  t h i s  t h e  “ t u n n e l  i n s e r t i o n  c a p a b i l i t y ,  ” and  it- 

r e f e r s  t o  t h e  number  o f  model  s u p p o r t s  i n  t h e  t e s t  c h a m b e r .  T u n n e l s  

w i t h  f o u r  s u p p o r t s  c o u l d  make a l l  r e q u e s t e d  m e a s u r e m e n t s  d u r i n g  a s i n g l e  

s t a r t - u p ; f a c i l i t i e s  w i t h  f e w e r  s u p p o r t s  r e q u i r e d  p r o g r e s s i v e l y  more  r u n s  

t o  o b t a i n  t h e  r e q u i r e d  i n f o r m a t i o n .  The  r e l a t i v e  r e p r o d u c i b i l i t y  o f  a 

f a c i l i t y ’ s  r e s u l t s  i s ,  o f  c o u r s e ,  d e p e n d e n t  on t h e  r u n - t o - r u n  v a r i a t i o n  

i n  t u n n e l  c o n d i t i o n s  compared  t o  t h e  v a r i a t i o n s  d u r i n g  a s i n g l e - r u n .  

T a b l e  I V  i s  a summary o f  t h e  o p e r a t i n g  s e q u e n c e  f o l l o w e d  a t  e a c h  

f a c i l i t y  f o r  c a l i b r a t i n g  t h e  t u n n e l  c o n d i t i o n s  and  t e s t i n g  t h e  a b l a t i o n  

m o d e l s .  

T a b l e  I V  

SEQUENTIAL ORDER OF TEST MEASUREMENTS 
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M a r t i n  Co. 

Space  G e n e r a l  Corp .  
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I V  EXPERIMENTAL R E S U L T S  

The  r e s u l t s  o f  t h e  e x p e r i m e n t a l  p r o g r a m  c o v e r e d  t h r e e  b r o a d  a r e a s :  

t e s t  e n v i r o n m e n t ,  h i g h - d e n s i t y  m a t e r i a l s ,  a n d  l o w - d e n s i t y  m a t e r i a l s ,  t h e s e  

a r e  c o v e r e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  The t e s t  e n v i r o n m e n t  i s  n o t  o n l y  

m e a s u r e d ,  b u t  t h e  v a r i o u s  t e c h n i q u e s  a n d  i n s t r u m e n t s  f o r  d e t e r m i n i n g  i t s  

p a r a m e t e r s  a r e  c r o s s - c o m p a r e d .  The  a b l a t i o n  b e h a v i o r  of  t h e  h i g h - d e n s i t y  

m a t e r i a l s  i s  d e s c r i b e d  a n d  c o r r e l a t e d  w i t h  t h e  r e s u l t s  f rom t h e  P h a s e  I 
p rogram.  The a b l a t i o n  b e h a v i o r  o f  t h e  l o w - d e n s i t y  m a t e r i a l s  i s  d e s c r i b e d  

i n  more d e t a i l ,  a n d  c o r r e l a t i o n s  f o r  t h e s e  r e s u l t s  a r e  s u g g e s t e d .  

A .  E v a l u a t i o n  o f  T e s t  C o n d i t i o n s  

The m a t r i x  o f  t e s t  c o n d i t i o n s  f o r  t h e  s e c o n d  r o u n d  r o b i n  was d e s i g n e d  

by s e l e c t i n g  t h r e e  t e s t  c o n d i t i o n s  f o r  e a c h  p a r t i c i p a t i n g  g r o u p  t h a t  wou ld  

u t i l i z e  t h e  f u l l  r a n g e  c a p a b i l i t y  o f  t h e  f a c i l i t y  a n d  a t  t h e  same t i m e  

p r o v i d e d  t h e  w i d e s t  d i s t r i b u t i o n  o f  t e s t  c o n d i t i o n s  f o r  a l l  f a c i l i t i e s .  

The d i s t r i b u t i o n  of  t e s t  c o n d i t i o n s  u s e d  i n  t h e  P h a s e  I1 r o u n d  r o b i n  i s  

shown i n  F i g .  6 .  A l s o  shown i n  t h e  f i g u r e  i s  t h e  e n v e l o p e  o f  t h e  c o n d i -  

t i o n s  f o r  t h e  P h a s e  I r o u n d  r o b i n .  

S i n c e  t h e  a b l a t i o n  o f  T e f l o n  and  h i g h - d e n s i t y  p h e n o l i c - n y l o n  h a d  b e e n  

i n v e s t i g a t e d  d u r i n g  t h e  f i r s t  r o u n d  r o b i n  i n  t h e  low a n d  medium p r e s s u r e  

r a n g e ,  t e s t i n g  o f  t h e s e  m a t e r i a l s  was r e s t r i c t e d  p r i m a r i l y  t o  t h e  0 . 3  t o  

30 a tm s t a g n a t i o n  p r e s s u r e  r a n g e .  The f i v e  new l o w - d e n s i t y  m a t e r i a l s  h a d  

b e e n  d e s i g n e d  f o r  low p r e s s u r e  a p p l i c a t i o n s  a n d  were t h e r e f o r e  t e s t e d  p r i -  

m a r i l y  i n  t h e  0 . 0 0 4  t o  0 . 7  atm p r e s s u r e  r a n g e .  

D u r i n g  t h e  f i r s t  r o u n d  r o b i n ,  t h e  model  s t a g n a t i o n  p r e s s u r e  m e a s u r e d  

w i t h  an  SRI p i t o t  p r o b e  o f  t h e  same g e o m e t r y  a s  t h e  a b l a t i o n  m o d e l s  was 

compared  t o  t h e  s t a g n a t i o n  p r e s s u r e  m e a s u r e d  w i t h  t h e  f a c i l i t y  p i t o t  p r o b e .  

The r e s u l t s  were i n  e x c e l l e n t  a g r e e m e n t  and  t h e r e f o r e  t h i s  c o m p a r i s o n  w a s  

n o t  i n  t h e  P h a s e  I1 r o u n d  r o b i n .  I n s t e a d  a s t a g n a t i o n  p r e s s u r e  a n d  h e a t i n g  

r a t e  t r a v e r s e  o f  t h e  p l a s m a  s t r e a m s  was s u b s t i t u t e d .  
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1. P l a s m a  S t r e a m  U n i f o r m i t y  

The r e s u l t s  o f  t h e  p l a s m a  s t r e a m  t r a v e r s e  o f  h e a t i n g  r a t e  a n d  model  

s t a g n a t i o n  p r e s s u r e  a t  e a c h  f a c i l i t y  a r e  shown i n  F i g s .  7 t h r o u g h  16 .  

T h e s e  p l o t s  were p r e p a r e d  by  n o r m a l i z i n g  t h e  l o c a l  m e a s u r e d  h e a t i n g  r a t e s  

a t  v a r i o u s  d i s t a n c e s  f rom t h e  n o z z l e  c e n t e r  l i n e  i n  terms o f  t h e  m e a s u r e d  

h e a t i n g  r a t e  a t  t h e  c e n t e r - l i n e  p o s i t i o n .  The  same p r o c e d u r e  was f o l l o w e d  

f o r  t h e  model  s t a g n a t i o n  p r e s s u r e s .  

A 1 . 2 5 - i n . - d i a m e t e r  a b l a t i o n  m o d e l ,  d rawn  t o  t h e  same s c a l e  a s  t h e  

n o z z l e  e x i t  d i a m e t e r ,  i s  shown a t  t h e  t o p  o f  e a c h  p l o t  t o  i n d i c a t e  t h e  

s t r e a m  u n i f o r m i t y  i n  t h e  a r e a  o f  t h e  model  and  c o r e .  A s c a l e  s k e t c h  o f  

t h e  c a l o r i m e t e r ,  s h o w i n g  i t s  s h a p e ,  t o t a l  d i a m e t e r ,  and  s e n s i n g  d i a m e t e r ,  

i s  a l s o  i n c l u d e d  a t  t h e  t o p  o f  e a c h  p l o t .  

The  n o n u n i f o r m i t y  o f  t h e  p l a s m a  s t r e a m  c a n  r e s u l t  f rom a v a r i e t y  o f  

c a u s e s  s u c h  a s  h e a t  l o s s e s  t o  t h e  n o z z l e  w a l l ,  n o z z l e  e x p a n s i o n  c h a r a c -  

t e r i s t i c s ,  p r e s s u r e  m i s m a t c h  b e t w e e n  t h e  n o z z l e  e x i t  a n d  t h e  t e s t  c h a m b e r ,  

method u s e d  t o  s t a b i l i z e  t h e  a r c ,  and  t h e  p o s i t i o n  o f  t h e  m e a s u r i n g  i n -  

s t r u m e n t .  I t  i s  i m p o s s i b l e  t o  g e n e r a l i z e  on t h e  c a u s e s  f o r  t h e  s t r e a m  

n o n u n i f o r m i t i e s  shown i n  F i g s .  7 - 1 6 .  One may o n l y  s t a t e  t h a t  t h e s e  were 

t h e  m e a s u r e d  h e a t i n g  r a t e s  and  p r e s s u r e s  f o r  a p a r t i c u l a r  a p p a r a t u s ,  

t u n n e l  o p e r a t i n g  c o n d i t i o n ,  and  model  g e o m e t r y .  

A c t u a l l y ,  f o r  t h i s  p a r t i c u l a r  s e r i e s  o f  t e s t s ,  t h e  p l a s m a  s t r e a m s  

w e r e  a p p a r e n t l y  q u i t e  u n i f o r m  i n  t h e  c e n t e r - l i n e  a r e a  w h e r e  t h e  mode l  

c o r e s  were l o c a t e d .  An a v e r a g e  o f  a l l  t h e  p a r t i c i p a t i n g  g r o u p s  i n d i c a t e d  

t h a t  t h e  h e a t  f l u x  a t  t h e  model  c o r e  o u t e r  d i a m e t e r  ( 0 . 6 2 5  i n . )  was 

99 p e r c e n t  o f  t h e  c e n t e r - l i n e  h e a t  f l u x .  The s t a g n a t i o n  p r e s s u r e  a t  t h e  

same p o i n t  w a s  97 p e r c e n t  o f  t h e  c e n t e r - l i n e  v a l u e .  A t  t h e  model  o u t e r ,  

o r  s h r o u d  d i a m e t e r  ( 1 . 2 5  i n . ) ,  l o c a t i o n  t h e  a v e r a g e  h e a t  f l u x e s  were 

89  p e r c e n t  o f  c e n t e r - l i n e  v a l u e s  and  a v e r a g e  p r e s s u r e s  were 8 5  p e r c e n t  o f  

t h o s e  a t  t h e  c e n t e r .  The d r o p o f f  i n h e a t i n g  r a t e w h e n  moving  o u t  o f t h e  c e n t e r  

o f  t h e  p l a s m a  s t r e a m  i s  somewhat  c o m p e n s a t e d  f o r  w i t h  t h e  f l a t - f a c e d  s h a p e  

wh ich  g i v e s  a h i g h e r  h e a t  f l u x  a t  i t s  p e r i p h e r y .  T h i s  i s  i n d i c a t e d  i n  

F i g .  17 ( G r a p h  A) w h i c h  shows t h e  h e a t  f l u x  a t  v a r i o u s  p o s i t i o n s  on  t h e  

h e m i s p h e r i c a l  and  f l a t - f a c e  c a l o r i m e t e r s  u s e d  by t h e  M a r t i n  Company i n  

t h e  s t u d y  o f  v a r y i n g  model  d i a m e t e r .  T h i s  p l o t  i s  i n  r e a s o n a b l e  a g r e e -  

ment  w i t h  t h e  r e s u l t s  o f  M a r v i n  and  S i n c l a i r . '  G r a p h  B o f  F i g .  1 7  shows  

t h e  p l a s m a  s t r e a m  u n i f o r m i t y  a t  t h e  same f a c i l i t y .  
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The c h e m i c a l  n o n u n i f o r m i t y  o f  t h e  p l a s m a  s t r eams  w a s  n o t  s t u d i e d  

d u r i n g  t h i s  work ,  b u t  t h e  G i a n n i n i  g r o u p ,  w h i c h  h a s  c o n d u c t e d  s u c h  s t u d i e s ,  

r e s p o r t e d  t h a t  a v a r y i n g  o x y g e n - t o - n i t r o g e n  r a t i o  c a n  e x i s t  a c r o s s  t h e  

s t r e a m  d e p e n d i n g  o n  w h e r e  a n d  how t h e  o x y g e n  e n t e r s  t h e  s t r e a m .  The  o x y g e n  

l e v e l  o f  t h e  t e s t  s t r e a m  w i l l  o f  c o u r s e  h a v e  a marked  e f f e c t  on  t h e  m a t e r -  

i a l  a b l a t i o n  r a t e .  

P r o b a b l y  t h e  g r e a t e s t  s i g n i f i c a n c e  o f  t h e  p l a s m a  s t r e a m  t r a v e r s e  is 

t h a t  t h e  a v e r a g e  s t r e a m  e n t h a l p y  m e a s u r e d  by  a n  e n e r g y  b a l a n c e  d o e s  n o t  

r e p r e s e n t  t h e  c e n t e r - l i n e  e n t h a l p y  w h e r e  t h e  model  i s  b e i n g  t e s t e d .  

2 .  S t a g n a t i o n  P o i n t  H e a t i n g  R a t e  

As s t a t e d  p r e v i o u s l y ,  t h e  c o l d  w a l l  h e a t  f l u x  was m e a s u r e d  a t  mos t  

f a c i l i t i e s  w i t h  b o t h  a f a c i l i t y  c a l o r i m e t e r  a n d  t h e  SRI c a l o r i m e t e r .  The  

c a l o r i m e t e r  d e s i g n s  d i f f e r e d  b o t h  f rom f a c i l i t y  t o  f a c i l i t y  a n d  f r o m  t h e  

SRI d e s i g n .  The ma in  d i f f e r e n c e s  i n  c a l o r i m e t e r  d e s i g n s  were s h a p e ,  t o t a l  

d i a m e t e r ,  s e n s i n g  d i a m e t e r ,  and  t h e  s u r f a c e  m a t e r i a l  o f  t h e  s e n s i n g  a r e a .  

a .  E f f e c t  of  C a l o r i m e t e r  D e s i g n  

I d e a l l y ,  t h e  c a l o r i m e t e r  u s e d  t o  m e a s u r e  c o l d  w a l l  h e a t  f l u x  

s h o u l d  h a v e  t h e  same s h a p e  a n d  d i m e n s i o n s  a s  t h e  a b l a t i o n  m o d e l s  b e i n g  

t e s t e d .  U n f o r t u n a t e l y  e a c h  s e t  o f  a b l a t i o n  m o d e l s  may d i f f e r ,  and  t h e  

u s u a l  p r a c t i c e  i s  t o  r e c a l c u l a t e  t h e  m e a s u r e d  c a l o r i m e t e r  h e a t  f l u x  t o  

c o n f o r m  t o  t h e  model  s h a p e  a n d  s i z e .  S e l e c t i o n  o f  a c a l o r i m e t e r  i s  

f u r t h e r  c o m p l i c a t e d  b e c a u s e  f o r  a t a s k  s u c h  a s  a s t r e a m  t r a v e r s e  i t  m i g h t  

b e  d e s i r a b l e  t o  h a v e  a s m a l l  d i a m e t e r  h e m i s p h e r i c a l  s h a p e ,  w h e r e a s  f o r  

model  t e s t i n g ,  a n d  t o  r e d u c e  t h e  s u r f a c e  c a t a l y t i c  e f f e c t ,  i t  wou ld  b e  

d e s i r a b l e  t o  h a v e  a l a r g e r  d i a m e t e r  c a l o r i m e t e r .  

(1) ShaDe a n d  D i a m e t e r  C o r r e c t i o n s .  The  shaDe  a n d  d i a m e t e r  o f  

a c a l o r i m e t e r  d e t e r m i n e  t h e  v e l o c i t y  g r a d i e n t s  o v e r  i t s  s u r f a c e  a n d  t h u s  

t h e  h e a t  f l u x  t o  t h e  s u r f a c e .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  u n d e r  s u p e r -  

s o n i c  c o n d i t i o n s  t h e  h e a t  f l u x  t o  d i f f e r e n t  s i z e d  c a l o r i m e t e r s  w i t h  t h e  

same s h a p e  w i l l  v a r y  i n v e r s e l y  w i t h  t h e  s q u a r e  r o o t  o f  t h e  c a l o r i m e t e r  

r a d i u s ,  R ,  o r  d i a m e t e r ,  D, a c c o r d i n g  t o  t h e  f o l l o w i n g  r e l a t i o n :  

w h e r e  t h e  s u b s c r i p t s  d e s i g n a t e  t w o  d i f f e r e n t  c a l o r i m e t e r s .  



The a b o v e  r e l a t i o n s h i p  was u s e d  t o  c o r r e c t  t h e  f a c i l i t y  h e a t  

f l u x  d a t a  when t h e  f a c i l i t y  c a l o r i m e t e r  was f l a t  f a c e d  a n d  h a d  a d i f f e r e n t  

d i a m e t e r  t h a n  t h e  SRI mode l .  

H e a t  t r a n s f e r  r e l a t i o n s h i p s  s u c h  a s  t h e  one  p r o p o s e d  by Fay-  

R i d d e l 1 7  a r e  b a s e d  on  t h e  h e a t  f l u x  t o  a h e m i s p h e r i c a l  s h a p e .  T h u s ,  t h e  

e f f e c t i v e  r a d i u s ,  R e f f ,  e q u a l s  t h e  h e m i s p h e r i c a l  r a d i u s .  H e a t  t r a n s f e r  

t o  o t h e r  s h a p e s  may b e  e x p r e s s e d  a s  some f r a c t i o n  o f  t h e  h e a t  f l u x  t o  an  

e q u a l  r a d i u s  b u t  h e m i s p h e r i c a l  body .  E q u i v a l e n t l y  a c o r r e c t i o n  may b e  

made t o  t h e  a c t u a l  r a d i u s  t o  g i v e  t h e  R e f f .  

A t  t h e  c o m p l e t i o n  o f  t h e  f i r s t  r o u n d  r o b i n ,  t h e  f a c i l i t y  h e a t  

f l u x  d a t a  f o r  h e m i s p h e r i c a l  c a l o r i m e t e r s  were compared  t o  t h e  SRI f l a t -  

f a c e d  c a l o r i m e t e r  and  were f o u n d  t o  e f f e c t i v e l y  f o l l o w  t h e  r e l a t i o n s :  

T h e s e  r e s u l t s  a g r e e d  w e l l  w i t h  t h e  d a t a  o f  S t o n e y  and  Mark ly  lo a n d  were 

u s e d  t o  a d j u s t  f a c i l i t y  h e m i s p h e r i c a l  c a l o r i m e t e r  r e s u l t s  t o  t h e  SRI s h a p e .  

I n  t h e  P h a s e  I1  r o u n d  r o b i n  mos t  f a c i l i t y  c a l o r i m e t e r s  were 

f l a t  f a c e d  a n d  r e q u i r e d  o n l y  d i a m e t e r  c o r r e c t i o n s .  I n  a d d i t i o n ,  t h e  two 

A m e s  f a c i l i t i e s  c o r r e c t e d  t h e i r  h e m i s p h e r i c a l  c a l o r i m e t e r  r e s u l t s  w i t h  

f a c t o r s  t h a t  t h e y  h a d  p r e v i o u s l y  e s t a b l i s h e d  e x p e r i m e n t a l l y .  The few r e -  

m a i n i n g  f a c i l i t y  h e m i s p h e r i c a l  c a l o r i m e t e r s  were c o r r e c t e d  u s i n g  t h e  same 

f a c t o r s  t h a t  were u s e d  i n  t h e  P h a s e  I r o u n d  r o b i n .  

( 2 )  S u r f a c e  C a t a l y t i c  E f f e c t s .  I n  t h e  a r e a  o f  m a t e r i a l s  e v a l -  

u a t i o n ,  t h e  p l a s m a  a r c  h a s  b e e n  t h e  m o s t  v e r s a t i l e  t e s t  d e v i c e  d e v e l o p e d  

f o r  r e p r o d u c i n g  f r e e  f l i g h t  h e a t i n g  c o n d i t i o n s .  T h e r e  a r e ,  h o w e v e r ,  ob -  

v i o u s  d i f f e r e n c e s  b e t w e e n  g r o u n d  t e s t  c o n d i t i o n s  a n d  f r e e  f l i g h t  c o n d i t i o n s .  

I n  f r e e  f l i g h t  t h e  a i r  p r e c e d i n g  t h e  v e h i c l e s  s h o c k  w a v e  i s  a t  r e s t  and  a t  

c h e m i c a l  e q u i l i b r i u m ,  e x c e p t  a t  e x t r e m e  a l t i t u d e s .  I n  a r c  p l a s m a  t e s t i n g ,  

t h e  model  i s  s t a t i o n a r y ,  and  t h e  t e s t  g a s  p r e c e d i n g  t h e  model  s h o c k  wave 

h a s  b e e n  p r e h e a t e d  t o  a v e r y  h i g h  t e m p e r a t u r e  l e v e l  and  t h e n  e x p a n d e d  

t o  low p r e s s u r e  t o  s i m u l a t e  f r e e  f l i g h t  c o n d i t i o n s .  The  h i g h  g a s  t e m p e r -  

e r a t u r e ,  t o g e t h e r  w i t h  t h i s  e x p a n s i o n  t h r o u g h  a s u p e r s o n i c  n o z z l e  t o  ob-  

t a i n  h i g h  v e l o c i t y ,  c a n  g i v e  a p l a s m a  s t r e a m  t h a t  i s  n o t  i n  c h e m i c a l  
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e q u i l i b r i u m .  T h i s  i s  p a r t i c u l a r l y  t r u e  w i t h  l a r g e  e x p a n s i o n  r a t i o s .  R e -  
c o m b i n a t i o n  o f  t h e  d i s s o c i a t e d  g a s  m o l e c u l e s  b e h i n d  t h e  model  s h o c k  wave 

t h e r e b y  i n f l u e n c e s  t h e  h e a t  f l u x  t o  t h e  c a l o r i m e t e r  o r  mode l .  The r ecom-  

b i n a t i o n  mechan i sm h a s  n o t  b e e n  f u l l y  q u a n t i f i e d  b u t  i s  known t o  b e  a 

f u n c t i o n  o f  t h e  a t o m i c  c o n c e n t r a t i o n  a n d  g a s  d e n s i t y  i n  t h e  b o u n d a r y  l a y e r ,  

t h e  w a l l  t e m p e r a t u r e ,  model  g e o m e t r y ,  a n d  w a l l  c a t a l y t i c  a c t i v i t y .  l1 

The amount  o f  h e a t  r e l e a s e d  by c a t a l y t i c  r e c o m b i n a t i o n  becomes  

i m p o r t a n t  when t h e  h e a t  f l u x  m e a s u r e m e n t s  a r e  u s e d  t o  c a l c u l a t e  t h e  e n -  

t h a l p y  i n  t h e  c e n t e r  o f  t h e  n o n e q u i l i b r i u m  p l a s m a  s t r e a m  a t  t h e  model  

l o c a t i o n .  H e a t  t r a n s f e r  r e l a t i o n s h i p s  s u c h  a s  F a y - R i d d e l l  a s sume  a n  i n -  

f i n i t e l y  c a t a l y t i c  s u r f a c e  and  c o m p l e t e  r e c o v e r y  of  a l l  e n e r g y .  M e t a l  

c a l o r i m e t e r  s u r f a c e s  h a v e  v a r y i n g  f i n i t e  c a t a l y t i c  r e a c t i o n  r a t e  c o n s t a n t s ,  

and  t h e  m e a s u r e d  h e a t  f l u x  w i l l  b e  l e s s  t h a n  t h a t  f o r  i n f i n i t e l y  c a t a l y t i c  

s u r f a c e s .  F u r t h e r ,  f o r  a g i v e n  s u r f a c e  m a t e r i a l ,  t h e  r a t i o  o f  m e a s u r e d  

h e a t  f l u x  t o  t h e  h e a t  f l u x  a t  a f u l l y  c a t a l y t i c  s u r f a c e  w i l l  i n c r e a s e  w i t h  

i n c r e a s i n g  s t r e a m  d e n s i t y  a n d  c a l o r i m e t e r  d i a m e t e r ,  and  t h e  r a t i o  w i l l  d e -  

c r e a s e  w i t h  i n c r e a s i n g  e n t h a l p y  a n d  w a l l  t e m p e r a t u r e .  

The  Gas Dynamics  B r a n c h  o f  A m e s  R e s e a r c h  C e n t e r  c o n d u c t e d  a 

s t u d y  o f  t h e  e f f e c t ,  on  t h e  m e a s u r e d  h e a t  f l u x ,  o f  c a l o r i m e t e r  s u r f a c e  

c a t a l y t i c  a c t i v i t y  and  some o f  t h e  o t h e r  v a r i a b l e s  n o t e d  a b o v e .  D u r i n g  

t h e  s t u d y ,  t h e  A m e s  c o p p e r - s u r f a c e  c a l o r i m e t e r  and  t h e  SRI n i c k e l - s u r f a c e  

c a l o r i m e t e r  were e x p o s e d  t o  a r a n g e  o f  e n t h a l p i e s  (8000 B t u / l b  a n d  g r e a t e r )  

a t  two s t a g n a t i o n  p r e s s u r e s .  I d e n t i c a l  c a l o r i m e t e r s  t h a t  h a d  b e e n  s p r a y e d  

w i t h  a t h i n  c o a t i n g  o f  T e f l o n  were a l s o  e x p o s e d  t o  t h e  same c o n d i t i o n s .  

T h e s e  t e s t s  were p e r f o r m e d  a t  a r e l a t i v e l y  h i g h  e x p a n s i o n  r a t i o .  

The r e s u l t s . o f  t h e  s t u d y  a r e  shown i n  F i g .  18 ,  i n  w h i c h  t h e  r a t i o  

of  m e a s u r e d  h e a t  f l u x ,  { , e a , ,  

s u r f a c e ,  q k  -00,  i s  p l o t t e d  v e r s u s  t h e  t o t a l  s t r e a m  e n t h a l p y  a s  d e t e r m i n e d  

by t h e  modiZ. ied s o n i c  f l o w  me thod  ( s e e  f o o t n o t e  2 ,  Append ix  B - 1 ) .  

v a l u e  o f  'vco was c a l c u l a t e d  u s i n g  t h e  F a y - R i d d e l l  r e l a t i o n  a n d  t h e  t o t a l  

s t r e a m  e n t h a l p y  r e p o r t e d  by A m e s  w i t h  t h e i r  e x p e r i m e n t a l  r e l a t i o n  o f  

R e f f  = 2 . 9 1  R F F .  
i n  t h e  f i g u r e  were made by e n t e r i n g  p a r t  o f  t h e  g a s  a t  t h e  p lenum l o c a t i o n ,  

t h e r e b y  c h a n g i n g  t h e  e q u i l i b r i u m  c o n d i t i o n  a n d  g i v i n g  a n  a c c e n t u a t e d  e f -  

f e c t  o f  s t a g n a t i o n  p r e s s u r e  on t h e  h e a t  f l u x  r a t i o ,  qmeas/{k 

t o  t h e  h e a t  f l u x  f o r  a n  i n f i n i t e l y  c a t a l y t i c  

The 

W 

I t  s h o u l d  b e  n o t e d  t h a t  t h e  h i g h e r  p r e s s u r e  r u n s  shown 

w 
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The d a t a  were  a l s o  u s e d  by A m e s  t o  e s t i m a t e  t h e  c a t a l y t i c  re -  

a c t i o n  r a t e  c o n s t a n t ,  k w ,  f o r  e a c h  s u r f a c e .  The k w  was f o u n d  t o  b e  500 
t o  700 cm/sec f o r  c o p p e r ,  300 cm/sec  f o r  n i c k l e ,  a n d  t o  b e  much l o w e r  f o r  

T e f l o n ;  t h e  v a l u e s  f o r  t h e  m e t a l s  a g r e e  w i t h  t h o s e  o f  G o u l a r d .  l1 

The r e s u l t s  i n d i c a t e  t h e  i m p o r t a n c e  o f  c a l o r i m e t e r  s u r f a c e  

c a t a l y t i c  a c t i v i t y ,  c a l o r i m e t e r  g e o m e t r y ,  a n d  s t r e a m  c o n d i t i o n s  on  t h e  

m e a s u r e d  h e a t  f l u x .  No s i m p l e  c o r r e l a t i o n  o f  a l l  v a r i a b l e s  h a s  b e e n  d e -  

v e l o p e d  t o  d a t e ;  h o w e v e r ,  s t u d i e s  i n  t h i s  f i e l d  a r e  now u n d e r  way. The  

g e n e r a l  c o n c l u s i o n s  a t  t h i s  t i m e  a r e  t h a t ,  when t h e  a r c  g e n e r a t o r - n o z z l e  

s y s t e m  t e n d s  t o  l e a d  t o  a n o n e q u i l i b r i u m  p l a s m a ,  t h e  c a l o r i m e t e r  s u r f a c e  

s h o u l d  b e  a c l e a n  m e t a l  h a v i n g  h i g h  c a t a l y t i c  a c t i v i t y  s u c h  a s  s i l v e r ,  

c o p p e r ,  o r  n i c k e l .  F u r t h e r ,  t h e  c a l o r i m e t e r  d i a m e t e r  s h o u l d  b e  a s  l a r g e  

a s  i s  p r a c t i c a b l e .  F i n a l l y ,  a n  i n d i c a t i o n  o f  t h e  s t r e a m  n o n e q u i l i b r i u m  

c o n d i t i o n  c a n  b e  o b t a i n e d  by c o m p a r i n g  t h e  m e a s u r e d  f l u x  t o  a c a t a l y t i c  

m e t a l  s u r f a c e  t o  t h e  h e a t  f l u x  m e a s u r e d  w i t h  a n  i d e n t i c a l  c a l o r i m e t e r  t h a t  

h a s  b e e n  s p r a y e d  w i t h  a t h i n  c o a t i n g  of  T e f l o n  t o  g i v e  a n o n c a t a l y t i c  

s u r f a c e .  T h i s ,  o f  c o u r s e ,  i s  n o t  p o s s i b l e  a t  h i g h  h e a t  f l u x e s  w h e r e  t h e  

T e f l o n  wou ld  s u b l i m e  r a p i d l y .  

b. C o m p a r i s o n  of  R e s u l t s  

U s i n g  t h e  c o r r e c t i o n  t , e c h n i q u e s  d i s c u s s e d  a b o v e ,  t h e  m e a s u r e d  

f a c i l i t y  h e a t  f l u x  d a t a  were a d j u s t e d  t o  t h e  1 . 2 5 - i n . s d i a m e t e r  SRI model  

s h a p e .  The f a c i l i t y  a n d  SRI c a l o r i m e t e r  r e s u l t s  a r e  compared  i n  F i g .  1 9 ,  

t h e  s t a n d a r d  d e v i a t i o n  was f o u n d  t o  b e  13 p e r c e n t .  T h e s e  r e s u l t s  a r e  a 

s l i g h t  improvemen t  o v e r  t h e  f i r s t  r o u n d - r o b i n  d a t a ,  w h i c h  showed  a s t a n d a r d  

d e v i a t i o n  o f  16 p e r c e n t .  

The C o r n e l l  d a t a  g a v e  t h e  g r e a t e s t  d e v i a t i o n ,  w i t h  t h e  SRI c a l -  

o r i m e t e r  r e a d i n g  a b o u t  1 . 6  t i m e s  t h e  C o r n e l l  v a l u e .  C o r n e l l  r e p o r t e d  

t h a t  t h e y  h a v e  p r e v i o u s l y  e x p e r i e n c e d  e v e n  h i g h e r  r e a d i n g s  a t  h i g h  p r e s s u r e  

c o n d i t i o n s  w i t h  c a l o r i m e t e r s  w h i c h  a r e  s i m i l a r  t o  t h e  SRI d e s i g n  b u t w h i c h  

h a v e  an  a i r  g a p  s u r r o u n d i n g  t h e  s l u g .  A p p a r e n t l y  t h e  h i g h  p r e s s u r e  g a s e s  

f l o w  t h r o u g h  t h i s  a i r  g a p  and  c a n  p r e f e r e n t i a l l y  h e a t  t h e  t h e r m o c o u p l e  

j u n c t i o n ,  t h e r e b y  g i v i n g  a h i g h  t e m p e r a t u r e  r i s e  r a t e .  T h e  p r o b l e m  may 

b e  f u r t h e r  a c c e n t u a t e d  by  t h e  nonsymmetry  o f  t h e  s t r e a m  a t  t h i s  f a c i l i t y .  

C o r n e l l  s o l v e s  t h i s  p r o b l e m  by f i l l i n g  a s h o r t  s e c t i o n  o f  t h e  a i r  gap  

w i t h  a r e f r a c t o r y  c e m e n t .  However ,  t h i s  s o l u t i o n  i s  n o t  c o m p l e t e l y  

s a t i s f a c t o r y ,  s i n c e  i n c r e a s e d  c o n t a c t  b e t w e e n  t h e  s l u g  a n d  t h e  s h r o u d  
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c a n  l o w e r  t h e  m e a s u r e d  h e a t  f l u x .  P e r h a p s  t h e  b e s t  s o l u t i o n  i s  t o  s e a l  

t h e  c a l o r i m e t e r  f o r  p r e s s u r e  c o n d i t i o n s  c o n s i d e r a b l y  a b o v e  1 . 0  atm a n d  

t o  i s o l a t e  t h e  s l u g  w i t h  an  a i r  g a p  f o r  l o w e r  p r e s s u r e s .  

3 .  P r e d i c t i o n  o f  S t a g n a t i o n  P o i n t  E n t h a l p y  

The s t a g n a t i o n  p o i n t  e n t h a l p y  i n  t h e  v i c i n i t y  o f  t h e  model  c a n  be  

c a l c u l a t e d  f r o m  t h e  model  s t a g n a t i o n  p r e s s u r e  a n d  t h e  c o l d  w a l l  h e a t  f l u x  

v a l u e s .  The f o l l o w i n g  f o r m  of  t h e  F a y - R i d d e l l  e q u a t i o n  was u s e d  t o  c a l -  

c u l a t e  t h e  s t a g n a t i o n  e n t h a l p y  p o t e n t i a l ,  Ah,  f o r  e a c h  f a c i l i t y  f r o m  t h e  

; IsRI and  P ,  d a t a :  
2 CW 

w h e r e  S, i s  2 4  a s  shown i n  Append ix  E ,  Sec. A. 

The a h o v e  r e l a t i o n  a s s u m e s  a i r  a t  c h e m i c a l  and  the rmodynamic  e q u i -  

l i b r i u m  a s  t h e  t e s t  g a s  w i t h  a n  i n v a r i a n t  Lewis  number e q u a l  t o  1 and  a 

P r a n d t l  number  e q u a l  t o  0 . 7 2 .  The  v a l u e  o f  R e f f  was t a k e n  a s  0 . 1 7 2  f t  

b a s e d  on t h e  1 . 2 5 - i n . - d i a r n e t e r  f l a t - f a c e d  s h a p e  a n d  R e f f  = 3 . 3  R F F .  The 

r e s u l t i n g  v a l u e s  o f  e n t h a l p y  h a v e  b e e n  t a b u l a t e d  i n  Append ix  D and  a r e  

compared  i n  F i g .  20  t o  t h e  r e p o r t e d  e n t h a l p y  a s  m e a s u r e d  by  t h e  t e c h n i q u e  

p r e f e r r e d  by t h e  f a c i l i t y .  

F i g u r e  20 shows  a p r e p o n d e n c e  o f  d a t a  a b o v e  t h e  c o r r e l a t i o n  l i n e  

i n d i c a t i n g  t h a t  t h e  c e n t e r - l i n e  e n t h a l p y  i n  t h e  a r e a  o f  t h e  model  was 

p r o b a b l y  h i g h e r  t h a n  t h e  a v e r a g e  m e a s u r e d  e n t h a l p y  r e p o r t e d  by some o f  

t h e  f a c i l i t i e s .  F a c i l i t i e s  s u c h  a s  AMPD-Langley and  ESB-Langley  t h a t  

p r e f e r  t h e  h e a t  f l u x  method f o r  m e a s u r i n g  e n t h a l p y  g a v e  a good c o r r e l a -  

t i o n  a s  wou ld  be  e x p e c t e d .  The d i f f e r e n c e s  f o r  t h e s e  two f a c i l i t i e s  

r e s u l t  f rom d i f f e r e n t  c a l o r i m e t e r s  a n d  c a l c u l a t i o n  m e t h o d s ,  G i a n n i n i ' s  

and  S p a c e  G e n e r a l ' s  m e a s u r e d  e n t h a l p i e s  a g r e e d  w e l l  w i th ,  t h e  c a l c u l a t e d  

v a l u e s .  T h e s e  two f a c i l i t i e s  a l s o  r e p o r t e d  q u i t e  u n i f o r m  s t r e a m  t r a -  

v e r s e s ,  i n d i c a t i n g  t h a t  t h e  c e n t e r - l i n e  e n t h a l p y  i s  p r o b a b l y  c l o s e  t o  

t h e  a v e r a g e  e n t h a l p y  by t h e  e n e r g y  b a l a n c e  me thod .  

P e r s o n n e l  a t  GBD-Ames f e e l  t h a t  f o r  m o d e r a t e  t o  h i g h  p r e s s u r e  non-  

u n i f o r m  s t r e a m s  the  h e a t  f l u x  e n t h a l p y  i s  p r e f e r a b l e  t o  o t h e r  m e t h o d s  o f  

m e a s u r i n g  a v e r a g e  e n t h a l p y ,  b u t  t h e y  a l s o  b e l i e v e  t h a t  t h i s  e n t h a l p y  c a n  
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b e  s e v e r e l y  i n  e r r o r  on t h e  low s i d e ,  a s  shown by t h e i r  d a t a  i n  F i g .  2 0 ,  

when u s e d  f o r  low p r e s s u r e ,  n o n e q u i l i b r i u m  s t r e a m s .  The  p r o b l e m  r e s u l t s  

f rom t h e  n e c e s s i t y  o f  u s i n g  c a l o r i m e t r i c  s u r f a c e s  w i t h  less  t h a n  i n f i n i t e  

c a t a l y t i c  a c t i v i t y ,  a s  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n .  The  g r o u p  a t  

GDB-Ames h a s  t h e r e f o r e  d e v e l o p e d  a m o d i f i e d  s o n i c  f l o w  method w h i c h  a l l o w s  

them t o  c a l c u l a t e  t h e  s t r e a m  t e m p e r a t u r e  a n d  r e s u l t i n g  e n t h a l p y  i n  t h e  

model  a r e a .  The e n t h a l p i e s  c a l c u l a t e d  by t h e  m o d i f i e d  s o n i c  f l o w  me thod  

c a n  b e  1 . 5  t imes  h i g h e r  t h a n  t h e  h e a t  f l u x  me thod  a s  s e e n  i n  F i g .  20.  

I t  a p p e a r s  t h a t  a l t h o u g h  t h e  s t r e a m  e n t h a l p y  i s  u n d o u b t e d l y  t h e  mos t  

i m p o r t a n t  v a r i a b l e  i n  m a t e r i a l  a b l a t i o n  s t u d i e s ,  i t  i s  a l s o  t h e  m o s t  d i f -  

f i c u l t  t o  m e a s u r e  a c c u r a t e l y .  

B. P e r f o r m a n c e  o f  H i g h - D e n s i t y  A b l a t i o n  M a t e r i a l s  

I n  o r d e r  t h a t  t h e  e f f e c t s  o f  e x t e n d e d  t e s t  c o n d i t i o n s ,  a n d  e s p e c i a l l y  

of  v a r y i n g  d i m e n s i o n s ,  c o u l d  b e  e v a l u a t e d ,  a d i m e n s i o n a l  a n a l y s i s  o f  a b l a -  

t i o n  v a r i a b l e s  was u n d e r t a k e n .  T h i s  a n a l y s i s  a n d  i t s  u s e  t o  c o r r e l a t e  

a b l a t i o n  d a t a  f o r  t h e  h i g h - d e n s i t y  T e f l o n  and  p h e n o l i c - n y l o n  m a t e r i a l s  

u s e d  i n  t h e  P h a s e  I s t u d y  i s  c o v e r e d  i n  Append ix  E . ,  

I n  t h e  p r e s e n t  r o u n d - r o b i n  p r o g r a m  ( P h a s e  11), two g r o u p s  o f  e x p e r i -  

m e n t s  w e r e  p e r f o r m e d  t o  e x t e n d  t h e  v a r i a b l e s  s t u d i e d  i n  P h a s e  I .  The  f i r s t  

was t h e  u s e  o f  h i g h - d e n s i t y  T e f l o n  and  p h e n o l i c - n y l o n  m o d e l s  of  t h e  s t a n d a r d  

s i z e  ( same a s  i n  P h a s e  I )  b u t  e x p o s e d  t o  c o n s i d e r a b l y  h i g h e r  s t a g n a t i o n  

p r e s s u r e s .  The s e c o n d  g r o u p  i n v o l v e d  T e f l o n  a n d  l o w - d - e n s i t y  p h e n o l i c - n y l o n  

m o d e l s  h a v i n g  e f f e c t i v e  r a d i i  v a r y i n g  f r o m  f o u r  t imes a s  l a r g e  t o  a b o u t  

f o u r  t i m e s  a s  s m a l l  a s  t h e  s t a n d a r d  m o d e l s .  The  r e s u l t s  o f  t h e s e  e x p e r i -  

m e n t s  a n d  how t h e y  f i t  t h e  c o r r e l a t i o n s  a r e  d i s c u s s e d  b e l o w .  

1. H i g h  S t a g n a t i o n  P r e s s u r e  E n v i r o n m e n t s  

The  l a c k  o f  f i t  o f  t h e  d a t a  o b t a i n e d  by W a l b e r g  a t  h i g h  s t a g n a t i o n  

p r e s s u r e s ,  a s  shown i n  F i g .  E - 2  o f  Append ix  E ,  s u g g e s t s  t h a t  t h e  c o r r e l a -  

t i o n  d o e s  n o t  p r o p e r l y  t a k e  i n t o  a c c o u n t  s u c h  e n v i r o n m e n t a l  c o n d i t i o n s .  

T h i s  was c o n f i r m e d ,  a t  l e a s t  f o r  t h e  h i g h - d e n s i t y  p h e n o l i c - n y l o n  m o d e l s ,  

when t h e  d a t a  f r o m  t h e  P h a s e  I1 r o u n d  r o b i n  e x p e r i m e n t s  a t  h i g h  s t a g n a t i o n  

p r e s s u r e s  were c h e c k e d  a g a i n s t  t h a t  f i g u r e  a n d  were shown t o  h a v e  t h e s a m e  

d i s p l a c e p e n t .  R e c o n s i d e r a t i o n  o f  t h e s e  r e l a t i o n s  was t h e r e f o r e  i n  o r d e r ,  

a n d ,  a t  t h i s  p o i n t ,  i t  was d e c i d e d  t o  u s e  t h e  s e p a r a t e  c o r r e l a t i o n s  
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r e p r e s e n t e d  by E q u a t i o n s  (E-18A)  a n d  (E-18B)  i n  A p p e n d i x  E s i n c e  t h e r e  

a p p e a r e d  t o  b e  a d i f f e r e n c e  i n  t h e  b e h a v i o r  o f  T e f l o n  and  p h e n o l i c - n y l o n  

a t  h i g h  s t a g n a t i o n  p r e s s u r e s .  

a .  B e h a v i o r  o f  T e f l o n  

The  a p p r o a c h  t r i e d  was t o  s e p a r a t e  t h e  p r e s s u r e  te rm f rom t h e  

r e s t  o f  t h e  r e l a t i o n .  R e a r r a n g e m e n t  o f  E q u a t i o n  (E-18A)  i n  t h i s  manner  

l e a d s  t o  

1 0 .  I8/(SCw 1 0 .  5 7  0 . 2 5  = 0 . 0 0 4 4 ( P t  ) 
2 

' t ( R e  f f 
S R I  

( 6 )  

A p l o t  o f  t h e  l e f t - h a n d  s i d e  o f  t h i s  r e l a t i o n  a g a i n s t  s t a g n a t i o n  

, on l o g a r i t h m i c  c o o r d i n a t e s  s h o u l d  show t h e  i n d i c a t e d  s l o p e  
p t  2 

p r e s s u r e ,  

o f  0 . 2 5  and  i n t e r c e p t  o f  0 . 0 0 4 4  f o r  t h e  r i g h t - h a n d  te rm.  I t  s h o u l d  b e  

remembered  t h a t  E q u a t i o n  ( 6 )  i s  b a s e d  on t h e  P h a s e  I r o u n d - r o b i n  r e s u l t s .  

When s u c h  a p l o t  was made w i t h  t h e  T e f l o n  l i t e r a t u r e  d a t a g i v e n i n T a b l e E - 1  

( A p p e n d i x  E ) ,  

and  i n t e r c e p t .  T h e s e  d a t a  were t h e r e f o r e  c o r r e l a t e d  by t h e  r e g r e s s i o n  

p r o g r a m  i n  terms o f  r e l a t i o n  ( E - l 6 B ) ,  n a m e l y ,  

t h e  b e s t  c o r r e l a t i o n  l i n e  showed a s l i g h t l y  d i f f e r e n t  s l o p e  

T h e  c o m p u t e r  g a v e  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  c o n s t a n t s  u s i n g  t h e  T e f l o n  

l i t e r a t u r e  d a t a :  

b = 0 . 0 0 4 8 ,  n = 0 . 5 2 ,  m = 0 . 2 2  

M u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  = 0 . 9 9  

S t a n d a r d  d e v i a t i o n  = 11 p e r c e n t  

The  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  i s  m a x i m i z e d  by t h e  r e g r e s s i o n  a n a l -  

y s i s .  T h e  c l o s e r  t h i s  c o e f f i c i e n t  i s  t o  u n i t y ,  t h e  more  s i g n i f i c a n t  i s  

t h e  c o r r e l a t i o n .  

A v e r a g i n g  t h e s e  c o n s t a n t s  w i t h  t h e  P h a s e  I r o u n d - r o b i n  c o n s t a n t s  

and  0 . 2 5  a n d . g i v i n g  t h e  l a t t e r  o n e s  s l i g h t l y  more  o f  0 . 0 0 4 4 ,  0 . 5 7 ,  

c r e d e n c e ,  s i n c e  t h e y  r e p r e s e n t  more  d a t a  p o i n t s ,  t h e  c o r r e c t e d  form o f  

E q u a t i o n  ( 6 )  wou ld  b e  

t( R e f )  * '/ ( ;Icw) O. " = 0 . 0 0 4 6 ( P  ) * ( 8 )  
2 
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T h i s  c o r r e c t e d  f o r m  i s  p l o t t e d  i n  F i g .  2 1  a n d  i s  b a s e d  n o t  o n l y  on t h e  

P h a s e  I r o u n d - r o b i n  r e s u l t s  and  l i t e r a t u r e  d a t a ,  b u t  a l s o  on t h e  P h a s e  I1  
r o u n d - r o b i n  h i g h  s t a g n a t i o n  p r e s s u r e  r u n s  p e r f o r m e d  a t  AVCO and  C o r n e l l .  

A s  c a n  b e  s e e n  i n  t h e  f i g u r e  t h e r e  a p p e a r s  t o  be  no e f f e c t  o f  t h e  s t a g n a -  

t i o n  p r e s s u r e  on t h e  c o r r e l a t i o n ,  a t  l e a s t  t o  p r e s s u r e s  o f  3 3  atm.  T h i s  

i s  n o t  u n e x p e c t e d  s i n c e  T e f l o n  a b l a t e s  by s u b l i m a t i o n  and  t h u s  s h o u l d  b e  

l i t t l e  a f f e c t e d  by m e c h a n i c a l  f o r c e s .  

b .  B e h a v i o r  o f  H i g h - D e n s i t y  P h e n o l i c - N y l o n  

A s i m i l a r  a p p r o a c h  was u s e d  i n  e v a l u a t i n g  t h e  p h e n o l i c - n y l o n  

d a t a .  The r e a r r a n g e d  E q u a t i o n  (E-18B) g a v e  

O.O01O(Pt  ) O . l 3  
2 

( 9 )  

The e f f e c t  o f  t h e  l i t e r a t u r e  d a t a  on t h e  c o n s t a n t s  was n o t  c h e c k e d ,  s i n c e  

t h e r e  was i n s u f f i c i e n t  i n f o r m a t i o n  f o r  u s e  i n  a r e g r e s s i o n  a n a l y s i s .  A 
p l o t  o f  E q u a t i o n  ( 9 )  i s  shown i n  F i g .  22 a n d  i s  b a s e d  on t h e  P h a s e  I 
r o u n d - r o b i n  r e s u l t s  and  l i t e r a t u r e  d a t a ,  a s  w e l l  a s  on  t h e  P h a s e  I1 r o u n d -  

r o b i n ,  h i g h  s t a g n a t i o n  p r e s s u r e  r u n s  a t  C o r n e l l  and  AVCO. 

T h i s  p l o t  shows t h a t  a t  h i g h  s t a g n a t i o n  p r e s s u r e  t h e  p h e n o l i c -  

n y l o n  m o d e l s  e x h i b i t  h i g h e r  mass  l o s s  r a t e s  t h a n  wou ld  be  p r e d i c t e d  by t h e  

P h a s e  I r o u n d - r o b i n  c o r r e l a t i o n .  However ,  t h e s e  h i g h e r  r a t e  d a t a  d o  f i t  

a c o r r e l a t i o n  l i n e  of  s t e e p e r  s l o p e ,  w i t h  a t r a n s i t i o n  b e t w e e n  t h e  two 

c o r r e l a t i o n s  o c c u r r i n g  a t  a s t a g n a t i o n  p r e s s u r e  o f  a b o u t  2 . 7  a tm.  T h u s ,  

t h e  c o r r e l a t i o n s  f o r  h i g h - d e n s i t y  p h e n o l i c - n y l o n  m i g h t  b e  e x p r e s s e d  f o r  

P < 2 . 7  a tm a s  
t 2  - 

m t  = 0 .  OO1O(Ref f ) - o .  3 2 (  ;Icw) O .  ( P  2 )  0 .  3 5 5  ( 1 0 )  

and  f o r  P t  2 2 . 7  a tm ( a n d  a t  l e a s t  up t o  29 a tm)  a s  
2 

i t  = 0 . 0 0 0 4 8 ( R e f f ) - 0 .  32(4sRI)0*55(pt ) o * 1 3 + o . 7 5  ( 1 1 )  
2 cw 

T h i s  v a r i a t i o n  i n  b e h a v i o r  m i g h t  h a v e  b e e n  p r e d i c t e d  b e c a u s e  

p h e n o l i c - n y l o n  a b l a t e s  by a c h a r r i n g  mechanism w h i c h  i s  p a r t i c u l a r l y  s e n -  

s i t i v e  t o  t h e  m e c h a n i c a l  s t r e s s e s  b r o u g h t  on  b y  h i g h  s t a g n a t i o n  p r e s s u r e s .  
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T h i s  i s  v e r i f i e d  by  t h e  f a c t  t h a t  t h e  p h e n o l i c - n y l o n  m o d e l s  f r o m  t h e s e  

t e s t s  showed a lmos t  n o  c h a r  a f t e r  e x p o s u r e  t o  t h e  h i g h  s t a g n a t i o n  p r e s s u r e  

e n v i r o n m e n t s ,  a n d  t h u s  h a d  r e d u c e d  t h e r m a l  p r o t e c t i o n .  

The u s e  o f  t h e  d o u b l e  e x p o n e n t  on t h e  p r e s s u r e  term i n  

E q u a t i o n  ( 1 1 )  i s  b a s e d  on  t h i s  f a c t  o f  c h a r  f a i l u r e .  The  d i m e n s i o n l e s s  

f o r m  o f  E q u a t i o n  ( 9 )  i s  g i v e n  i n  e x p a n d e d  f o r m  by E q u a t i o n  ( E - 1 0 )  o f  

A p p e n d i x  E.  T h i s  fo rm wou ld  i m p l y  t h a t  t h e  e x p o n e n t  on  t h e  e f f e c t i v e  

r a d i u s  wou ld  h a v e  t o  i n c r e a s e  t o  a p o s i t i v e  number w i t h  t h i s  l a r g e  a n  e x -  

p o n e n t  on  t h e  s t a g n a t i o n  p r e s s u r e .  T h e r e  i s  n o  e v i d e n c e  f o r  t h i s  b e h a v i o r  

a n d  i t  a p p e a r s  more l o g i c a l  t h a t  o n e  a d d i t i o n a l  d i m e n s i o n l e s s  g r o u p  s h o u l d  

b e  a d d e d  t o  E q u a t i o n  ( E - 9 )  b a s e d  o n  a new v a r i a b l e  , r, t h e  f a i l u r e  s t r e s s  

o f  t h e  c h a r .  Normal  u n i t s  f o r  t h i s  v a r i a b l e  a r e  pound  f o r c e  p e r  s q u a r e  

f o o t .  

v e r t e d  u n i t s  o f  l b / f t  s e c 2 .  T h i s  h a s  t h e  same c o n v e r t e d  u n i t s  a s  s t a g n a -  

t i o n  p r e s s u r e ,  P t  . S e c t i o n  A o f  A p p e n d i x  E shows  t h e  c o n v e r t e d  f o r m  of  

t h i s  a s  P t  F p g c  T h u s ,  t h e  s i m p l e s t  fo rm o f  t h e  new d i m e n s i o n l e s s  g r o u p  

wou ld  b e  

C o n v e r t e d  t o  t h e  p o u n d - f o o t - s e c o n d  s y s t e m ,  i t  becomes  r g c  w i t h  c o n -  

2 

2 

nA = P t z F p / r  ( 1 2 )  

E q u a t i o n  ( E - 9 )  t h e n  becomes  

Expanded  i n t o  d i m e n s i o n a l  f o r m ,  t h i s  e q u a t i o n  becomes  

m t  ( 1 4 )  

w h e r e  b i s  a s  d e f i n e d  i n  E q u a t i o n  (E-17)  a n d  i s  e q u a l  t o  0 .0010 a s  shown 

i n  E q u a t i o n  ( 1 0 ) .  

T h i s  i s  i d e n t i c a l  t o  E q u a t i o n  ( 1 1 )  w i t h  r e q u a l  t o  0 . 7 5  a n d  t h e  

v a l u e  o f  t h e  c o n s t a n t  t h e r e  c a n  b e  compared  w i t h  b f r o m  E q u a t i o n  ( 1 0 )  t o  

d e t e r m i n e  t h e  v a l u e  o f  r f r o m  E q u a t i o n  ( 1 4 ) .  H e n c e ,  r i s  f o u n d  t o  b e  

5610 l b  f o r c e / f t 2  o r  2 . 6 5  atm.  

2 .  Mode l s  w i t h  V a r i a b l e  R a d i i  

a. P h a s e  I1 Round-Robin  D a t a  

The Phase  I1 s t u d i e s  w i t h  m o d e l s  o f  v a r y i n g  r a d i i  i n v o l v e d  b o t h  

h e a t  t r a n s f e r  a n d  mass l o s s  m e a s u r e m e n t s ,  t h u s  p e r m i t t i n g  a check  o f  t h e  
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r a d i u s  e f f e c t  i n  b o t h  c a s e s .  I t  s h o u l d  b e  r emembered ,  h o w e v e r ,  t h a t  o n l y  

a l i m i t e d  amount  o f  e f f o r t  was p u t  i n t o  t h e s e  s t u d i e s .  

(1) Heat  T r a n s f e r  R a t e .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  u n d e r  

s u p e r s o n i c  c o n d i t i o n s  t h e  h e a t  f l u x  t o  d i f f e r e n t  s i z e d  c a l o r i m e t e r s  w i t h  

t h e  same s h a p e  w i l l  v a r y  i n v e r s e l y  w i t h  t h e  s q u a r e  r o o t  o f  t h e  c a l o r i m e t e r  

r a d i u s .  F u r t h e r ,  t h e  d i m e n s i o n s  o f  d i f f e r e n t  s h a p e d  m o d e l s  c a n  b e  e x -  

p r e s s e d  i n  terms o f  t h e i r  e f f e c t i v e  r a d i i ,  a n d ,  a s  p o i n t e d  o u t  i n  

E q u a t i o n  ( 1 3 )  o f  t h e  P h a s e  I r e p o r t , '  i h i s  i s  

T h u s ,  t h e  h e a t  f l u x  w i l l  d e c r e a s e  w i t h  i n c r e a s i n g  c a l o r i m e t e r  s i z e  a c c o r d -  

i n g  t o  t h e  r e l a t i o n  

; I C  W/ ( ; I C  W )  1 . 2 5 F F = [ (  e f f 1 . 2 5 F F / R  e f f 3  * ( 1 6 )  

A l o g a r i t h m i c  p l o t  o f  t h e  h e a t  f l u x  r a t i o  v e r s u s  t h e  e f f e c t i v e  r a d i u s  i s  

shown i n  F i g .  23.  

The  c a l o r i m e t e r s  u s e d  by AMPD-Langley a n d  M a r t i n  were t h o s e  t h a t  

b e s t  m a t c h e d  t h e  SRI c a l o r i m e t e r s .  The  AMPD f a c i l i t y  u s e d  a f o u r - i n c h  

s h r o u d  f o r  t h e  f l a t - f a c e  model  a n d  c a - l o r i m e t e r  r a t h e r  t h a n  a f i v e - i n c h  

s h r o u d ;  t h i s  was d o n e  t o  m i n i m i z e  s t r e a m  b l o c k a g e  a t  t h e  d i f f u s e r . *  

A s  c a n  b e  s e e n  f r o m  t h e  p l o t ,  a s l o p e  o f  - 0 . 5  f i t s  t h e  d a t a  

w e l l ,  a n d  t h e  i n t e r c e p t  a t  a n  e f f e c t i v e  r a d i u s  o f  u n i t y  i s  e q u a l  t o  t h e  

s q u a r e  r o o t  o f  t h e  e f f e c t i v e  r a d i u s  o f  a 1 . 2 5 - i n c h 1  f l a t - f a c e  c a l o r i m e t e r ,  

n a m e l y ,  0 . 4 1 5 .  E x c e p t  f o r  t h e  M a r t i n  h i g h  p o i n t  a t  t h e  f i v e - i n c h ,  f l a t -  

f a c e  e f f e c t i v e  r a d i u s ,  w h e r e  s t r e a m  b l o c k a g e  may be o c c u r r i n g ,  a n d  a l o w  

p o i n t  f o r  t h e  o n e - i n c h  h e m i s p h e r i c a l  c a l o r i m e t e r ,  t h e  d a t a  c o n f i r m  t h e  

i n v e r s e  s q u a r e  r o o t  r e l a t i o n .  

( 2 )  Mass L o s s  R a t e .  The  p r e d i c t e d  e f f e c t  o f  m o d e l  r a d i u s  o n  

T e f l o n  mass  l o s s  r a t e  i s  shown by E q u a t i o n  (E-18A) .  R e a r r a n g e m e n t  o f  

t h i s  e q u a t i o n  i n  terms o f  e f f e c t i v e  r a d i u s  g i v e s  

* The c o r e  d i a m e t e r ,  however ,  r ema ined  a t  2 . 5  i n c h e s .  A l s o  t h e  c o r n e r  r a d i u s  on t h e  AMPD models  was made 
o n e - f i f t h  of t h e  s h r o u d  r a d i u s  t o  r e d u c e  s t r e a m  b l o c k a g e .  The c o r n e r  r a d l u s  on t h e  M a r t i n  models  was 
c o n s t a n t  a t  o n e - e l g h t h  i n c h  r e g a r d l e s s  of s h r o u d  r a d i u s  s o  t h a t  t h e  r a t i o  v a r i e d ,  a s  shown i n  Graph A 
of F i g .  17. 
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U s i n g  t h e  d a t a  f r o m  t h e  P h a s e  I1 e x p e r i m e n t s  o f  v a r i a b l e  r a d i i  T e f l o n  

m o d e l s ,  t h e  l e f t - h a n d  s i d e  o f  t h i s  r e l a t i o n  was c a l c u l a t e d  a n d  p l o t t e d  

a g a i n s t  e f f e c t i v e  r a d i u s  i n  t h e  t o p  h a l f  o f  F i g .  24. The s l o p e  o f  t h e  

l i n e  i s  -0.18 a n d  t h e  i n t e r c e p t  i s  0 . 0 0 4 4  a t  R e f f  = 1 f t .  I t  a p p e a r s  

t h a t  t h e  d a t a  c o u l d  b e  f i t t e d  w i t h  a l i n e  o f  t h i s  s l o p e  b u t  a t  a l o w e r  

i n t e r c e p t .  The r e a s o n  f o r  t h i s  i s  unknown b u t  m u s t  r e l a t e  t o  t h e  way i n  

w h i c h  t h e  e x p e r i m e n t  was p e r f o r m e d  and i n  w h i c h  t h e  m e a s u r e m e n t s  w e r e  

made, s i n c e  d a t a  o b t a i n e d  a t  t h i s  f a c i l i t y  u s i n g  o t h e r  s t a n d a r d  1 . 2 5 - i n c h  

f l a t - f a c e  m o d e l s  f i t  t h e  g e n e r a l  c o r r e l a t i o n  w e l l ,  y e t  t h e  d a t a  o b t a i n e d  

w i t h  a s t a n d a r d  mode l  i n  t h i s  s e r i e s  o f  e x p e r i m e n t s  a r e  a l s o  d i s p l a c e d  

downward. 
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One p o s s i b l e  e x p l a n a t i o n  r e l a t e s  t o  t h e  f a c t  t h a t  a s  t h e  model  

d i a m e t e r s  were i n c r e a s e d ,  t h e  c o r e  d i a m e t e r s  were i n c r e a s e d  i n  t h e  same 

p r o p o r t i o n s .  However ,  t h e  c a l o r i m e t e r s  k e p t  t h e  same s e n s i n g  a r e a  a n d  

m e r e l y  i n c r e a s e d  t h e  s h r o u d  d i a m e t e r .  

by  t h e  f a c i l i t i e s  i n v o l v e d  t h i s  c o u l d  p r o v i d e  m i s l e a d i n g  i n f o r m a t i o n  

a b o u t  t h e  t h e r m a l  e n v i r o n m e n t  t o  w h i c h  t h e  c o r e  was e x p o s e d .  

Wi th  t h e  p l a s m a  c o r i n g  e x h i b i t e d  

The  same p a t t e r n  was f o u n d  w i t h  P h a s e  I1 v a r i a b l e  r a d i i  d a t a  

f o r  t h e  Hughes  l o w - d e n s i t y  p h e n o l i c - n y l o n  m o d e l s .  A s  w i l l  b e  s e e n  i n  

S e c .  IV-C, t h e  mass l o s s  r a t e  c o r r e l a t i o n ,  c a s t  i n t o  t h e  same fo rm a s  

E q u a t i o n  ( 1 7 ) ,  i s  

i t / ( ; I c w  ) 0 * 3 6 ( P  ) 0 * 1 9  = 0 .  0 0 1 8 ( R , f f ) - 0 *  4 5  (18)  t 2  S R I  
T h i s  i s  p l o t t e d  i n  t h e  b o t t o m  h a l f  o f  F i g .  24 .  

b.  L i t e r a t u r e  D a t a  

The c o r r e l a t i o n  o f  t h e  l i t e r a t u r e  d a t a  f r o m  s u p e r s o n i c  f a c i l i t i e s  

i n  A p p e n d i x  E ,  Sec.  C ,  c o v e r e d  r a d i i  v a r y i n g  f r o m  0 .0156 t o  0 . 5 5  f t  a n d h a d  

a v e r y  l o w  s t a n d a r d  d e v i a t i o n .  The e f f e c t  o f  r a d i u s  o n  mass  l o s s  r a t e , p r e -  

d i c t e d  by t h e  d i m e n s i o n l e s s  c o r r e l a t i o n  ( s e e  E q u a t i o n  ( E - l o ) ,  o r  i t s  r e -  

v i s e d  f o r m  ( E - l G A ) ) ,  h a s  t h e r e f o r e  b e e n  w e l l  v e r i f i e d .  

C. P e r f o r m a n c e  o f  Low-Dens i ty  A b l a t i o n  M a t e r i a l s  

More e x t e n s i v e  m e a s u r e m e n t s  were made o n  t h e  l o w - d e n s i t y  m a t e r i a l s  

d u r i n g  t h e  a b l a t i o n  e x p e r i m e n t s .  T h e s e  p e r m i t t e d  a more  d e t a i l e d  d e t e r -  

m i n a t i o n  o f  t h e  r e s p o n s e  o f  t h e s e  m a t e r i a l s  t o  t h e  t e s t  e n v i r o n m e n t .  A s  
a r e s u l t ,  a d d i t i o n a l  c o r r e l a t i o n s  were c o n s i d e r e d  f o r  i n t e r p r e t i n g  t h e s e  

d a t a .  

1. Ab 1 a t  i on B e h a v i o r  

T h i s  s e c t i o n  c o n t a i n s  i n f o r m a t i o n  on t e m p e r a t u r e  m e a s u r e m e n t s  a n d  

p h y s i c a l  c h a n g e s  i n  t h e  l o w - d e n s i t y  m a t e r i a l s  e v a l u a t e d d u r i n g t h e P h a s e I 1  

r o u n d - r o b i n .  

a .  F r o n t  S u r f a c e  T e m p e r a t u r e  

The  f r o n t  s u r f a c e  t e m p e r a t u r e  d a t a  f r o m  t h e  f i r s t  r o u n d  r o b i n  

showed c o n s i d e r a b l e  s c a t t e r .  To  a v o i d  t h i s ,  t h e  f a c i l i t i e s  were s u p p l i e d  

w i t h  i d e n t i c a l ,  c a l i b r a t e d  t o t a l  r a d i a t i o n  p y r o m e t e r s .  A d e s c r i p t i o n  o f  
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t h e  p y r o m e t e r s  and  c a l i b r a t i o n  t e c h n i q u e  i s  g i v e n  i n  S e c .  111-B .  The  

f a c i l i t i e s  a l s o  r e c e i v e d  s u g g e s t i o n s  f o r  m o u n t i n g  t h e  p y r o m e t e r  i n  t h e  

t u n n e l  and  i n s t r u c t i o n s  f o r  t h e  u s e  o f  t h e  i n s t r u m e n t .  

A c o m p a r i s o n  o f  r e p o r t e d  f r o n t  s u r f a c e  t e m p e r a t u r e s  a s  m e a s u r e d  

w i t h  t h e  S R I - s u p p l i e d  r a d i a t i o n  p y r o m e t e r  a n d  t h e  f a c i l i t y  o p t i c a l  pyrom- 

e t e r  i s  p r e s e n t e d  i n  F i g .  25 .  The  d a t a  shown i n  t h i s  f i g u r e  a r e  f rom 

Append ix  B a n d  a r e  t h e  s u r f a c e  t e m p e r a t b r e s  m e a s u r e d  on t h e  L a n g l e y  

p h e n o l i c - n y l o n  (PLL) m a t e r i a l .  The  same p a t t e r n  o f  d a t a  was a l s o  e v i d e n t  

on  t h e  o t h e r  m a t e r i a l s  t h a t  were e v a l u a t e d .  

The  m e a s u r e d  s u r f a c e  t e m p e r a t u r e s  g i v e n  i n  F i g .  2 5  a r e " b r i g h t n e s s "  

t e m p e r a t u r e s ,  a s s u m i n g  a s u r f a c e  e m i s s i v i t y  o f  u n i t y .  S i n c e  t h e  a c t u a l  

e m i s s i v i t y  i s  l e s s  t h a n  o n e ,  t h e  t r u e - s u r f a c e  t e m p e r a t u r e s  a r e  h i g h e r  t h a n  

t h o s e  i n d i c a t e d .  I f  a n  e m i s s i v i t y  o f  0 . 8  i s  as sumed  f o r  t h e  (PLL) m a t e r i a l ,  

t h e  f o l l o w i n g  c o r r e c t i o n s  m u s t  be  a d d e d  t o  t h e  m e a s u r e d  v a l u e s  t o  g i v e  t h e  

t r u e  t e m p e r a t u r e s :  

MEASURED RACIATION PYROMETER OPT1 CAL PYROMETER 
TEMPERATURE CORRECTION CORRECTION AT 0 . 6  5 5p 

( OF) ( O F )  ( O F )  

2000 + l o o  +35 

3000 + 160 +7 0 

4000 +220 +130  

T h e  e f f e c t  o f  t h e s e  c o r r e c t i o n s  i s  shown by  t h e  c o r r e l a t i o n  l i n e  l a b e l e d  

E = 0 . 8  i n  t h e  f i g u r e .  

E x a m i n a t i o n  o f  F i g .  2 5  i n d i c a t e s  t h a t  some f a c i l i t i e s  s u c h  a s  
GBD-Ames, MSC-Houston ( s u b s o n i c ) ,  G i a n n i n i ,  and  M a r t i n  h a d  good  a g r e e m e n t  

b e t w e e n  t h e  f a c i l i t y  and  SRI p y r o m e t e r s  when an  e m i s s i v i t y  o f  0 . 8  - 0 . 9  
was a s s u m e d .  AMPD-Langley, A e r o t h e r m ,  a n d  S p a c e  G e n e r a l  d i d  n o t  d i s p l a y  

a s  good  an  a g r e e m e n t  i n  s u r f a c e  t e m p e r a t u r e .  P a r t  o f  t h e  l a c k  o f  a g r e e -  

men t  seemed t o  h a v e  r e s u l t e d  f rom t h e  r a d i o m e t e r  m o u n t i n g  l o c a t i o n  a n d  

o p t i c a l  p a t h  t o  t h e  r a d i a t i o n  p y r o m e t e r ,  a s  d e s c r i b e d  b r i e f l y  i n  A p p e n d i x  A. 

When t h e  r a d i o m e t e r  was l o c a t e d  o u t s i d e  t h e  t u n n e l ,  w i t h  n a r r o w  g r a z i n g  

a n g l e s  o f f  i n t e r v e n i n g  windows,  t h e  a t t e n u a t i o n  o f  t h e  o p t i c a l  s i g n a l  

r e s u l t e d  i n  low s u r f a c e  t e m p e r a t u r e s  o f  t h e  m o d e l .  I n  a few c a s e s  t h e  

r a d i o m e t e r  was moun ted  w i t h  a n a r r o w  v i e w i n g  a n g l e  t o  t h e  model  f r o n t  s u r -  

f a c e  a n d  t h e  model  r a p i d l y  a b l a t e d  o u t  o f  f o c u s .  

The  g r o u p  a t  GDB-Ames  h a s  u s e d  r a d i a t i o n  p y r o m e t e r s  e x t e n s i v e l y  

and  i s  a w a r e  o f  t h e  p r e c a u t i o n s  t h a t  m u s t  b e  f o l l o w e d  i n  t h e i r  u s e .  I t  
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i s  p r o b a b l y  f o r  t h i s  r e a s o n  t h a t  t h e y  o b t a i n e d  a good  c o r r e l a t i o n  b e t w e e n  

t h e i r  r a d i a t i o n  p y r o m e t e r  and  t h e  SRI r a d i o m e t e r ,  a s  i n d i c a t e d  i n  F i g .  2 6 .  

S i n c e  t h e  r a d i o m e t e r s  were n o t  c a l i b r a t e d  i n  p o s i t i o n  on  t h e  

t u n n e l s ,  i t  was d e c i d e d  t h a t  t h e  f a c i l i t y  p y r o m e t e r  t e m p e r a t u r e s  were more  

r e l i a b l e  a n d  were t h e r e f o r e  u s e d  i n  a l l  f r o n t  s u r f a c e  t e m p e r a t u r e  c o r r e l a -  

t i o n s .  T h i s  p o i n t s  up t h e  g e n e r a l  p r o b l e m  o f  u s i n g  i d e n t i c a l  c a l i b r a t e d  

i n s t r u m e n t s  t o  c r o s s - c o r r e l a t e  f a c i l i t i e s .  E i t h e r  t h e i r  u s e  must  b e  

r i g i d l y  s p e c i f i e d  and  f o l l o w e d ,  

p o s i t i o n  on t h e  t u n n e l .  

o r  t h e y  mus t  be  f u r t h e r  c a l i b r a t e d  i n  

b .  I n t e r n a l  T e m p e r a t u r e  R i s e  

A p l o t  o f  t h e  t e m p e r a t u r e  d a t a  f o r  t h e  r u n  o n  model  PLL 96 p e r -  

f o r m e d  a t  GDB-Ames i s  g i v e n  i n  F i g .  2 7 .  T h i s  f i g u r e  shows  t h e  t e m p e r a t u r e  

r i s e  o f  t h e  f o u r  i n t e r n a l  t h e r m o c o u p l e s  and  t h e  model  f r o n t  s u r f a c e  
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t e m p e r a t u r e  a s  m e a s u r e d  w i t h  a f a c i l i t y  o p t i c a l  p y r o m e t e r  and  t h e  SRI 
r a d i o m e t e r  and  i s  b a s e d  on t h e  d a t a  i n  Append ix  C. A l e n g t h  s c a l e  was 

a d d e d  t o  t h e  r i g h t - h a n d  o r d i n a t e  o f  e a c h  t e m p e r a t u r e  g r a p h ,  

r e c e s s i o n  a n d  c h a r  t h i c k n e s s  d a t a  f rom Append ix  B were p l o t t e d  f o r  t h e  

t h r e e  v a r y i n g  r u n  t i m e s  u s e d  on m o d e l s  PLL 54 ,  57 ,  a n d  9 6 .  The i n i t i a l  

t h e r m o c o u p l e  d i s t a n c e s  were a d d e d  t o  t h e  g r a p h s  and  t h e  t i m e  n o t e d  

when t h e  c h a r - v i r g i n  m a t e r i a l  i n t e r f a c e  p a s s e d  e a c h  t h e r m o c o u p l e  p o s i t i o n .  

The t e m p e r a t u r e  o f  t h e  t h e r m o c o u p l e  a t  t h e  a b o v e  n o t e d  t ime  was d e s i g n a t e d  

a s  t h e  c h a r - v i r g i n  m a t e r i a l  i n t e r f a c e  t e m p e r a t u r e  a n d  i s  r e c o r d e d  i n  

Append ix  C. 

and  t h e  model  

A l t h o u g h  t h e  d a t a  showed c o n s i d e r a b l e  s c a t t e r ,  t h e y  a l s o  

f o l l o w e d  a p a r t i c u l a r  p a t t e r n  i n d i c a t i n g  t h a t  t h e  c h a r - v i r g i n  m a t e r i a l  

i n t e r f a c e  t e m p e r a t u r e  i n c r e a s e s  w i t h  i n c r e a s i n g  mass  p y r o l y s i s  r a t e s .  The  

s c a t t e r  p r o b a b l y  r e s u l t e d  f rom t h e  d i f f i c u l t y  o f  m e a s u r i n g  t h e  p o s i t i o n  

and  t e m p e r a t u r e  o f  a r e c e d i n g  b o u n d a r y  l a y e r  and  t h e  f a c t  t h a t  t h e  temp- 

e r a t u r e  g r a d i e n t  i n  t h e  m a t e r i a l  i s  v e r y  s t e e p  a t  t h e  c h a r  i n  t h e  decom- 

p o s i t i o n  z o n e .  The t e m p e r a t u r e  g r a d i e n t s  a t  t h e  i n t e r f a c e  r a n g e d  u p w a r d s  

t o  3 5 " F / 0 . 0 0 1  i n .  f o r  t h e  h i g h  p y r o l y s i s  r a t e  c o n d i t i o n ,  i n d i c a t i n g  t h e  

i m p o r t a n c e  o f  s m a l l  t h e r m o c o u p l e  w i r e  d i a m e t e r  and  o f  p o s i t i o n  m e a s u r e m e n t .  

The  i n s t a n t a n e o u s  mass  p y r o l y s i s  r a t e  was c a l c u l a t e d  a t  t h e  t i m e  

t h e  c h a r  i n t e r f a c e  p a s s e d  e a c h  t h e r m o c o u p l e  p o s i t i o n .  I t  was a s sumed  t h a t  

a l l  m a t e r i a l  b a c k  t o  t h e  i n t e r f a c e  h a d  b e e n  p y r o l i z e d  a n d  consumed.  Com- 

p a r i s o n  o f  t h e  d a t a  f o r  t h e  mass  p y r o l y s i s  r a t e  v e r s u s  c h a r  i n t e r f a c e  

t e m p e r a t u r e  f o r  t h e  Avcoa t  and t h e  two l o w - d e n s i t y  p h e n o l i c - c y l o n  m a t e r i a l s  

i n d i c a t e d  t h a t  a b o v e  a minimum t e m p e r a t u r e  o f  a b o u t  8 0 0 ° F  t h e  p y r o l y s i s  

r a t e  was a p p r o x i m a t e l y  a f u n c t i o n  of  t h e  f o u r t h  power  o f  t h e  i n t e r f a c e  

t e m p e r a t u r e .  

c .  Mass L o s s  R a t e s  

The  model  c o r e  w e i g h t  l o s s e s  were d e t e r m i n e d  on a l l  m o d e l s  r e -  

t u r n e d  t o  SRI. The m e t h o d s  a r e  o u t l i n e d  i n  Sec. 111-C .  The  e q u i v a l e n t  

mass  l o s s  p e r  a r e a ,  i n  p o u n d s  p e r  s q u a r e  f e e t ,  was c a l c u l a t e d  a n d  p l o t t e d  

a g a i n s t  t i m e  f o r  e a c h  m a t e r i a l .  Examples  of  t h e s e  p l o t s  a r e  g i v e n  i n  

F i g s .  28 a n d  2 9  f o r  L a n g l e y  l o w - d e n s i t y  p h e n o l i c - n y l o n  and  Avcoa t  m a t e r i a l .  

The p l o t s  show a t y p i c a l  h i g h e r  i n i t i a l  mass  l o s s  r a t e  o f  c h a r r i n g  

a b l a t i o n  a s  t h e  c h a r  i s  e s t a b l i s h e d  and  t h e  f r o n t  s u r f a c e  t e m p e r a t u r e  i n -  

c r e a s e s .  T h i s  i s  f o l l o w e d  by a p e r i o d  o f  s l i g h t l y  l o w e r  mass  l o s s  and  t h e  
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e s t a b l i s h m e n t  o f  a q u a s i  s t e a d y - s t a t e  mass  l o s s  r a t e .  The  i n d u c t i o n  

p e r i o d  r a n g e d  f r o m  a f r a c t i o n  o f  a s e c o n d  a t  t h e  v e r y  h i g h  f l u x e s  t o  a p -  

p r o x i m a t e l y  e i g h t  s e c o n d s  f o r  t h e  l o w e s t  f l u x e s .  

A s  s t a t e d  i n  Sec. 111-C ,  when more  t h a n  two m o d e l s  were t e s t e d ,  

t h e  mass  l o s s  r a t e ,  m,, was d e t e r m i n e d  f rom t h e  s l o p e  o f  t h e  b e s t  s t r a i g h t  

l i n e  t h r o u g h  t h e  d a t a .  When two m o d e l s  were t e s t e d  t h e  mass  l o s s  r a t e  was 

d e t e r m i n e d  f rom t h e  s l o p e  b e t w e e n  t h e  two d a t a  p o i n t s ,  a n d  f o r  t h e  o c c a -  

s i o n a l  r u n s  i n v o l v i n g  o n e  m o d e l ,  t h e s l o p e  was a s sumed  t o  i n t e r s e c t  z e r o .  

The  c a l c u l a t e d  mass  l o s s  r a t e s  h a v e  b e e n  t a b u l a t e d  i n  Append ix  D. 

The mass  p y r o l y s i s  r a t e ,  & was a l s o  c a l c u l a t e d ,  a s  f o l l o w s ,  
P '  

f o r  a l l  t e s t s  i n v o l v i n g  two o r  more  m o d e l s :  

Here, X, and  X,, a r e  t h e  r e c e s s i o n  o f  t h e  f r o n t  s u r f a c e  o f  t h e  c h a r  and  

c h a r  t h i c k n e s s ,  r e s p e c t i v e l y ;  p V R  i s  t h e  v i r g i n  m a t e r i a l  d e n s i t y ;  and  t h e  

s u b s c r i p t s  2 and  1 d e n o t e  l o n g  and  s h o r t  d u r a t i o n  r u n s ,  r e s p e c t i v e l y .  The  

mass  p y r o l y s i s  r a t e  t h u s  r e p r e s e n t s  t h e  r a t e  a t  w h i c h  t h e  c h a r - v i r g i n  

m a t e r i a l  i n t e r f a c e  i s  mov ing  i n t o  t h e  mode l .  T h e s e  r e s u l t s  a r e  a l s o  t a b u -  

l a t e d  i n  Append ix  D. 

The m a s s  p y r o l y s i s  r a t e  d e s c r i b e d  a b o v e  i s  d e f i n e d  s l i g h t l y  

d i f f e r e n t l y  t h a n  t h e  mass  p y r o l y s i s  r a t e  r e p o r t e d  i n  t h e  P h a s e  I r e p o r t ,  

b u t  i t  i s  c o n s i s t e n t  w i t h  L u n d e l l ' s  d e f i n i t i o n . "  The P h a s e  I d a t a  c a n  b e  

c o r r e c t e d  t o  e q u a l  t h e  P h a s e  I1 d a t a  by a d d i n g  t h e  m,, l i s t e d  i n  A p p e n d i x C  

o f  t h e  P h a s e  I r e p o r t '  t o  t h e  l i s t e d  v a l u e s  o f  m p .  
A l t h o u g h  t h e  c h a r  r e m o v a l  r a t e ,  m C R ,  i s n o t  t a b u l a t e d i n  Append ix  D 

f o r  t h e  P h a s e  I1 d a t a ,  i t  was u s e d  t o  d e t e r m i n e  how c l o s e l y  t h e  a b l a t i o n  

o f  t h e  l o w - d e n s i t y  m a t e r i a l s  c o r r e l a t e s  w i t h  S c a l a ' s  p r e d i c t e d  r e g i m e s  f o r  
t h e  c o m b u s t i o n  o f  g r a p h i t e . I 3  T h i s  i n v o l v e d  c a l c u l a t i o n  o f  i c C R / ( P t 2 / R e f f  )0.5 

a n d  t h e  p l o t t i n g  o f  t h i s  a g a i n s t  f r o n t  s u r f a c e  t e m p e r a t u r e ,  

R a n k i n e .  
T,,, i n  d e g r e e s  

The h i g h - d e n s i t y  p h e n o l i c - n y l o n  d a t a  f rom P h a s e  I a g r e e  w e l l  w i t h  

t h e o r y  i n  s h o w i n g  a d i f f u s i o n - r a t e - c o n t r o l l e d  p l a t e a u  a b o v e  3000"R. On t h e  

o t h e r  h a n d ,  t h e  h i g h  s t a g n a t i o n  p r e s s u r e  d a t a  f r o m  P h a s e  I1 f o r  t h i s  same 

m a t e r i a l  show c o n s i d e r a b l y  h i g h e r  r a t e s .  The f i v e  l o w - d e n s i t y  m a t e r i a l s  

showed n o  p l a t e a u  a b o v e  3000"R,  i n  f a c t ,  v a r i e d  a s  much a s  s i x f o l d  w i t h o u t  

any  d i s c e r n i b l e  p a t t e r n .  
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d .  C h a r  P r o p e r t i e s  

C h a r s  on  t h e  l o w - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s  h a d  a c r a c k e d  

a p p e a r a n c e  on t h e  s u r f a c e  a n d  a c o l u m n a r  s t r u c t u r e  o r i e n t e d  p a r a l l e l  t o  

t h e  d i r e c t i o n  o f  a b l a t i o n .  T h i s  c o u l d  i n d i c a t e  t h a t  t h e  p y r o l y s i s  g a s e s  

t a k e  p r e f e r e n t i a l  p a t h s  t o  t h e  s u r f a c e .  The p y r o l y s i s  z o n e ,  a s  i n d i c a t e d  

by t h e  s l i g h t  c h a n g e  i n  c o l o r  o f  t h e  v i r g i n  m a t e r i a l ,  was v e r y  n a r r o w  

( a p p r o x i m a t e l y  0 . 0 2 5  i n . )  i n  m o s t  m o d e l s .  The  c h a r  c a p s  h a d  a d e q u a t e  ad -  

h e s i o n  t o  r e m a i n  on t h e  c o r e s  d u r i n g  moael  d i s a s s e m b l y  b u t  w e r e  e a s i l y  

c l e a v e d  f r o m  t h e  c o r e ,  w i t h  p a r t  of t h e  c h a r  r e m a i n i n g  on t h e  model  c o r e .  

The c h a r  r e m a i n i n g  on t h e  c o r e  was s c r a p e d  o f f  b e f o r e  mak ing  l e n g t h  and  

w e i g h t  m e a s u r e m e n t s .  

C h a r s  on t h e  M o d i f i e d  P u r p l e  B l e n d  a n d  t h e  G . E .  s i l i c o n e s  

g e n e r a l l y  h a d  two t y p e s  o f  a p p e a r a n c e ,  d e p e n d i n g  on t h e  e x p o s u r e  h i s t o r y  

o f  t h e  mode l .  A t  low h e a t  f l u x e s  t h e y  were b l a c k ,  c a r b o n i z e d  c h a r s  t h a t  

s w e l l e d  d u r i n g  s h o r t  e x p o s u r e  t i m e s , f o l l o w e d  by s l o w  r e c e s s i o n  a t  l o n g e r  

r u n  t i m e s .  H i g h e r  h e a t i n g  r a t e s  r e s u l t e d  i n  a g r e y ,  f u s e d  i n o r g a n i c -  

a p p e a r i n g  s u r f a c e  w i t h  t h e  i n d i c a t i o n  t h a t  t h e  m a t e r i a l  was removed f rom 

t h e  model  by m e l t i n g  and  f l o w i n g  down t h e  s i d e s .  The  p y r o l y s i s  z o n e  on 

t h e s e  m a t e r i a l s  was v e r y  n a r r o w  ( 0 . 0 2 0  i n . )  and  t h e  c h a r s  c o u l d  be  com- 

p l e t e l y  removed f r o m  t h e  c o r e s  w i t h o u t  s c r a p i n g .  

The Avcoa t  c h a r s  u s u a l l y  h a d  a d e p r e s s i o n  i n  t h e  honeycomb f i l l e r  

m a t e r i a l ,  w i t h  t h e  honeycomb web b e i n g  s l i g h t l y  r a i s e d .  T h e r e  were f u s e d  

d r o p l e t s  o f  i n o r g a n i c  m a t e r i a l  a t  t h e  model  p e r i p h e r y .  The c h a r  h a d  e x -  

c e l l e n t  a d h e s i o n  t o  t h e  s u b s t r a t e  and  r e q u i r e d  m o d e r a t e  s c r a p i n g  t o  r emove .  

The p y r o l y s i s  z o n e  seemed  w i d e r  i n  t h e  Avcoa t  m a t e r i a l s  t h a n  i n  t h e  o t h e r  

m a t e r i a l s ,  a n d  t h e r e  was e v i d e n c e  t h a t  t h e  honeycomb web p r e f e r e n t i a l l y  

c o n d u c t e d  h e a t  t o  t h e  s u b s t r a t e .  

The c h a r  d e n s i t i e s  were c a l c u l a t e d  f o r  e a c h  model  and  a r e  t a b u -  

l a t e d  i n  t h e  l a s t  co lumn o f  e a c h  t a b l e  i n  Append ix  D. A n a l y s i s  o f  t h e s e  

d a t a  i n d i c a t e s  t h a t  t h e  a b l a t i o n  p r o c e s s  a n d  i t s  e f f e c t  on c h a r  p r o p e r t i e s  

and  c h a r  d i m e n s i o n s  i s  a c o n t i n u a l l y  c h a n g i n g  b a l a n c e  o f  many c o m p e t i n g  

p r o c e s s e s .  E x t e r n a l  v a r i a b l e s  a f f e c t i n g  c h a r  p r o p e r t i e s  a n d  t h i c k n e s s  

a r e  h e a t  f l u x ,  s t a g n a t i o n  p r e s s u r e ,  a n d  r u n  t i m e  ( 6 ,  P t 2 , t ) ;  g a s  t e s t  

c o m p o s i t i o n  i s  a l s o  an  e x t e r n a l  v a r i a b l e ,  b u t  s i n c e  a l l  NASA r o u n d - r o b i n  

t e s t s  were c o n d u c t e d  i n  a i r ,  no  s t a t e m e n t s  c a n  b e  made on i t s  e f f e c t s .  

I n t e r n a l  o r  m a t e r i a l  f a c t o r s  a f f e c t i n g  t h e  c h a r r i n g  p r o c e s s  a r e  t h e  

p y r o l y s i s  k i n e t i c s  o f t h e  p o l y m e r  a n d t h e  t h e r m a l  and  p h y s i c a l  p r o p e r t i e s  

o f  t h e  c h a r .  
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For a g i v e n  c h a r r i n g  m a t e r i a l ,  t h e  c h a r  t h i c k n e s s  a p p e a r s  t o  b e  

, and  t .  A t  low 4 ' s  a n d  P t  ' s ,  t h e  c h a r  w i l l  

A t  h i g h  4 ' s  a n d  
p t  2 2 

l a r g e l y  a f u n c t i o n  o f  4, 
c o n t i n u e  t o  i n c r e a s e  i n  t h i c k n e s s  a s  a f u n c t i o n  o f  t i m e .  

P ' s ,  a c o n s t a n t  c h a r  t h i c k n e s s  i s  r a p i d l y  e s t a b l i s h e d ,  a n d  t h e  f r o n t  

s u r f a c e  r e c e d e s  a s  r a p i d l y  a s  t h e  c h a r - v i r g i n  m a t e r i a l  i n t e r f a c e .  P r o -  
g r e s s i v e l y  h i g h e r  4 ' s  a n d  P t  ' s  r e s u l t  i n  i n c r e a s i n g l y  t h i n n e r  c h a r  l a y e r s  

(AVCO t e s t s )  u n t i l  t h e  c h a r  t h i c k n e s s  i s  e f f e c t i v e l y  z e r o  ( C o r n e l 1  t e s t s ) .  

t 2  

2 

The c h a r  d e n s i t i e s  were f o u n d . t o  i n c r e a s e  w i t h  i n c r e a s i n g  4, P t  , 
2 

a n d  t .  T h i s  p r o b a b l y  r e s u l t s  f r o m  t h e  k i n e t i c s  o f  t h e  p o l y m e r  p y r o l y s i s  

p r o c e s s  a n d  t h e  k i n e t i c s  o f  c o k e  d e p o s i t i o n  w i t h i n  t h e  c h a r .  The  c h a r  

d e n s i t y  was f o u n d  t o  i n c r e a s e  w i t h  f r o n t  s u r f a c e  t e m p e r a t u r e  a n d  mass l o s s  

r a t e ,  s i n c e  b o t h  a r e  d e p e n d e n t  on  4 a n d  P . A t  a low 4 a n d  Pt , t h e  c h a r  

d e n s i t y  was a p p r o x i m a t e l y  f o u r  t e n t h s  o f  t h e  v i r g i n  d e n s i t y ,  a n d  a t  e x -  

t r e m e l y  h i g h  4 a n d  P t  , t h e  c h a r  d e n s i t y  a p p r o a c h e d  t h e  v i r g i n  m a t e r i a l  

d e n s i t y .  C h a r  y i e l d  c a n  b e  c a l c u l a t e d  f r o m  c h a r  d e n s i t y  i n  two ways ,  d e -  

p e n d i n g  o n  w h e t h e r  c h a r  r e c e s s i o n  i s  a l l o w e d  f o r .  I f  i t  i s ,  a n d  i f  t h e  

v i r g i n  p o l y m e r  i n t e r f a c e  d o e s  n o t  r e c e d e  a t  t h e  same r a t e ,  t h e n  c h a r  y i e l d  

w i l l  b e  a f u n c t i o n  o f  r u n  t i m e  w i t h  y i e l d  d e c r e a s i n g  a s  more  and  more r e -  

c e s s i o n  o c c u r s .  On t h e  o t h e r  h a n d ,  i f  c h a r  y i e l d  i s  b a s e d  on  t h e  amount  

o f  v i r g i n  p o l y m e r  r e p r e s e n t e d  b y  t h e  c h a r  c a p ,  t h e n  y i e l d  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  c h a r  d e n s i t y ,  and  t h e  a b o v e  r e m a r k s  on  e f f e c t s  o f  t h e  

d i f f e r e n t  v a r i a b l e s  on d e n s i t y  r e f e r  a l s o  t o  c h a r  y i e l d .  

t 2  2 

2 

A d e n s i t y  t r a v e r s e  o f  t h e  c h a r  l a y e r  was made u s i n g  t h e  X - r a y  

t e c h n i q u e s  d e s c r i b e d  i n  S e c .  111-6, a n d  t h e  r e s u l t s  o f  f o u r  o f  t h e s e  t e s t s  

a r e  g i v e n  i n  F i g .  30. T h e s e  c u r v e s  show a s h a r p  d r o p  i n  d e n s i t y  c l o s e  t o  

t h e  c h a r - v i r g i n  m a t e r i a l  i n t e r f a c e  w h i c h  i s  a t  t h e  l e f t  s i d e  o f  t h e  p l o t .  

T h i s  i s  f o l l o w e d  by a n  a d d i t i o n a l  d r o p  i n  d e n s i t y ,  p o s s i b l y  r e s u l t i n g  f r o m  

t h e  v o l a t i l i z a t i o n  o f  a b l a t i o n  p r o d u c t s .  The  d e n s i t y  t h e n  i n c r e a s e s ,  p r o b -  

a b l y  r e s u l t i n g  f r o m  c r a c k i n g  o f  t h e  g a s e s  a n d  r e d e p o s i t i o n  o f  c a r b o n .  

2 .  Mass L o s s  R a t e  C o r r e l a t i o n s  

I n  v i e w  o f  t h e  s u c c e s s  i n  r e l a t i n g  t h e  mass  l o s s  r a t e  t o  a power  

f u n c t i o n  o f  t h e  e n v i r o n m e n t a l  p a r a m e t e r s  f o r  T e f l o n  and  h i g h - d e n s i t y  

p h e n o l i c - n y l o n , , i t  was d e c i d e d  t o  u s e  t h e  same a p p r o a c h  f o r  t h e  low- 

d e n s i t y  m a t e r i a l s .  S t a g n a t i o n  p r e s s u r e  was o n e  o f  t h e s e  p a r a m e t e r s  i n  

a l m o s t  e v e r y  c a s e .  The o t h e r  p a r a m e t e r s  c o n s i d e r e d  a r e  d i s c u s s e d  i n  t h e  

f o l l o w i n g  s e c t i o n s  . 
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a .  SRI C a l o r i m e t e r  C o l d  Wall H e a t i n g  Ra te  

The g e n e r a l  f o r m  o f  t h e  r e l a t i o n  e v a l u a t e d  was 

u s i n g  t h e  c o r r e l a t i o n  d a t a  f r o m  Append ik  D f o r  t h e  f i v e  l o w - d e n s i t y  

m a t e r i a l s .  The v a l u e s  o f  t h e  c o n s t a n t s  f o u n d ,  t h e  d e g r e e  o f  c o r r e l a t i o n ,  

a n d  t h e  p e r c e n t  s t a n d a r d  d e v i a t i o n  a r e  t a b u l a t e d  be low.  

MATERIAL a 

PLL 
P LH 
A 
SP 
SG 
T* 
P* 

0 . 0 0 4 6 5  
0 . 0 0 3 8 8  
0 . 0 0 3 5 7  
0 . 0 0 0 3 1 7  
0 . 0 0 0 1 8 8  
0 . 0 0 6 0  
0 . 0 0 1 8  

n m 

- - 
0 . 3 6  0 . 2 6  
0 . 3 6  0 . 1 9  
0 . 4 7  0 . 3 3  
0 . 8 1  0 . 1 9  
1 . 0 3  0 . 2 8  
0 . 5 7  0 . 2 5  
0 . 5 5  0 . 1 3  

MULTIPLE 
CORRELATION 
COEFFICIENT 

PERCENT 
STANDARD 

DEVI ATION 

0 . 9 6  
0 . 9 4  
0 . 9 7  
0 . 9 4  
0 . 9 2  
0 . 9 7  
0 . 9 6  

1 5  
14  
16 
24 
36 
10 
10 

* 
D a t a  from Phase  I’ r o u n d  robin.  

The i n c r e a s e d  s t a n d a r d  d e v i a t i o n  f o r  t h e  l o w - d e n s i t y  m a t e r i a l s ,  

a s  c o m p a r e d  t o  t h e  h i g h e r  d e n s i t y  m a t e r i a l s ,  i s  n o t  s u r p r i s i n g .  T h e i r  

c o m p o s i t i o n  a n d  a b l a t e d  a p p e a r a n c e  i s  l e s s  r e p r o d u c i b l e  a n d  i t  i s  more  

d i f f i c u l t  t o  m e a s u r e  l i n e a r  d i m e n s i o n s  on t h e  c h a r r e d  c o r e .  I n  f a c t ,  a t -  

t e m p t s  t o  c o r r e l a t e  t h e  p y r o l y s i s  r a t e ,  ; a s  a power f u n c t i o n  o f  h e a t i n g  

r a t e  a n d  s t a g n a t i o n  p r e s s u r e  showed  a p o o r e r  f i t  o f  18 ,  2 0 ,  a n d  24 p e r c e n t  

f o r  PLL, PLH, a n d  A ,  r e s p e c t i v e l y .  

P I  

P l o t s  o f  t h e  c o r r e l a t i o n s  f o r  t h e  f i v e  l o w - d e n s i t y  m a t e r i a l s  a r e  

shown i n  F i g s .  3 1  t h r o u g h  35. The MSC-Houston s u b s o n i c  d a t a  a l s o  shown on 

e a c h  g r a p h  s o  t h a t  t h e y  c a n  b e  compared  t o  t h e  s u p e r s o n i c  r e s u l t s .  The  

s u b s o n i c  d a t a  were n o t  c o n s i d e r e d  i n  c a l c u l a t i n g  t h e  i n t e r c e p t ,  e x p o n e n t s ,  

a n d  s t a n d a r d  d e v i a t i o n  f o r  t h e  c o r r e l a t i o n s .  

I t  i s  v i s u a l l y  a p p a r e n t  t h a t  t h e  c o r r e l a t i o n s  a r e  p o o r e s t  f o r  

t h e  s i l i c o n e  m a t e r i a l s .  A l s o ,  t h e  e x p o n e n t s  o n  h e a t i n g  r a t e  a n d  s t a g n a t i o n  

p r e s s u r e  v a r y  f r o m  m a t e r i a l  t o  m a t e r i a l .  T h i s  t e n d s  t o  r e i n f o r c e  t h e  sug- 

g e s t i o n  t h a t  t h e  T e f l o n  a n d  h i g h - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l  s h o u l d  n o t  

b e  c o m b i n e d  i n t o  a s i n g l e  c o r r e l a t i o n .  
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b .  F a c i l i t y  C a l o r i m e t e r  C o l d  W a l l  H e a t i n g  R a t e  

The  f o r m  o f  t h e  r e l a t i o n  i s  e s s e n t i a l l y  s i m i l a r  t o  t h a t  u s e d  f o r  

t h e  SRI c a l o r i m e t e r  h e a t i n g  r a t e  c o r r e l a t i o n :  

T h i s  was  e v a l u a t e d  u s i n g  t h e  r e g r e s s i o n  p r o g r a m  a v a i l a b l e  on  t h e  SRI 
c o m p u t e r  a n d  t h e  d a t a  f rom A p p e n d i x  D. . T h e  r e s u l t s  a r e :  

MATER1 AL 

PLL 
PLH 
A 
SP 
SG 
T* 
P* 

a 

0 . 0 0 5 3 8  
0 . 0 0 4 3 0  
0 . 0 0 4 1 4  
0 . 0 0 0 4 2 0  
0 . 0 0 0 2 9 9  
0 . 0 1 1  
0 . 0 0 3 4  

n m - - 
0 . 3 2  0 . 2 5  
0 . 3 5  0 . 2 0  
0 . 4 4  0 . 3 3  
0 . 7 5  0 . 1 8  
1 . 0 0  0 . 3 4  
0 . 4 8  0 . 2 9  
0 . 4 6  0 . 1 8  

MULTIPLE 
CORRELATION 
C O E F F I C I E N T  

0 . 9 5  
0 . 9 1  
0 . 9 7  
0 . 9 1  
0 . 9 1  
0 . 9 8  
0 . 9 7  

PERCENT 
ST A N D  ARD 

D E V I A T I O N  

1 5  
16 
16 
26 
39 
11 
8 

* 
Data  from Phase  I round robin.  

The d a t a  s c a t t e r  f o r  t h e  l o w - d e n s i t y  m a t e r i a l s  i s  n e a r l y  t h e  same a s  when 

t h e  SRI c a l o r i m e t e r  i s  u s e d ,  e x c e p t  t h a t  t h e  s i l i c o n e  m a t e r i a l s  show a 

s l i g h t l y  p o o r e r  c o r r e l a t i o n .  A s  would  be  e x p e c t e d ,  t h e  c o n s t a n t s  a r e  

r o u g h l y  t h e  same f o r  t h e  two c o r r e l a t i o n s .  

c .  M e a s u r e d  E n t h a l p y  P o t e n t i a l  

The  c o r r e l a t i o n  e v a l u a t e d  f o r  t h i s  e n v i r o n m e n t a l  p a r a m e t e r  was 

The  d a t a  f rom Append ix  D were u s e d  i n  t h e  r e g r e s s i o n  p r o g r a m  w i t h  t h e  

f o l l o w i n g  r e s u l t s :  

MATERIAL 

PLL 
PLH 
A 
SP 
SG 
T" 
P "  

a 

0.000980 
0.000650 
0.000966 
0.0000133 
0.00000189 
0.0017 
0.0010 

U - 
0.46 
0.48 
0.52 
0.98 
1.32 
0.59 
0.49 

V 

0.47 
0.41 
0.60 
0.64 
0.86 
0.57 
0.41 

MULTIPLE 
CORRELATION 

COEFFICIENT 

0.96 

0.91 
0.92 
0.78 

PERCENT 
STANDARD 

DEV I AT ION 

16 
1 5  
21 
28 
40 

* Data from Phase I round r o b i n  
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The d a t a  f o r  t h e  two l o w - d e n s i t y  p h e n o l i c - n y l o n  m a t e r i a l s  show n e a r l y  a s  

good  a c o r r e l a t i o n  a s  when t h e  c o l d  w a l l  h e a t i n g  r a t e  i s  u s e d .  G r e a t e r  

s t a n d a r d  d e v i a t i o n s  a r e  f o u n d  f o r  mos t  o f  t h e  o t h e r  m a t e r i a l s .  

d .  H e a t  o f  A b l a t i o n  

A common me thod  o f  i n t e r p r e t i n g  mass  l o s s  d a t a  i s  i n  terms o f  

t h e  e f f e c t i v e  h e a t  o f  a b l a t i o n ,  

t h e  m e a s u r e d  e n t h a l p y  p o t e n t i a l  a s  shown be low:  
Heff. T h i s  i s  d e t e r m i n e d  a n d  r e l a t e d  t o  

The c o e f f i c i e n t  a i s  d e r i v e d  t o  b e  t h e  h e a t  n e c e s s a r y  t o  r a i s e  t h e  m a t e r i a l  

t o  t h e  a b l a t i o n  t e m p e r a t u r e  and  t o  decompose  i t ,  a n d  t h u s  i s  i d e n t i c a l  t o  

t h e  te rm d e f i n e d  e a r l i e r  a s  AH,, w h e r e a s  ,B i s  a d i m e n s i o n l e s s  number d e -  

f i n e d  a s  t h e  t r a n s p i r a t i o n  s h i e l d i n g  f a c t o r .  A r e g r e s s i o n  a n a l y s i s  o f  t h e  

d a t a  f rom Append ix  D ,  on t h i s  b a s i s ,  l e a d s  t o  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  

c o n s t a n t s :  

MULTIPLE 
CORREL AT1 O N  
C O E F F I C I E N T  

MATER1 AL a P - -  
PLL 5 , 6 5 4  1 . 1 6  0 . 6 7  
PLH 5 , 4 2 8  1 . 0 3  0 . 6 8  
A 4 , 2 4 8  1 . 0 3  0 . 7 8  
SP 1 2 ,  580 0 . 4 7 6  0 .  5 2  
SG 1 4 , 1 3 0  0 . 0 4 0  0 . 0 3  

I t  i s  a p p a r e n t  t h a t  t h i s  i s  n o t  a s u i t a b l e  c o r r e l a t i o n  f o r  t h e  d a t a  f o r  

a number o f  r e a s o n s .  The m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  i s  S O  low a s  

t o  s u g g e s t  t h a t  a number o f  s e t s  of  a and  p c o u l d  be  u s e d  e q u a l l y  w e l l .  

A p l o t  o f  t h e  b e s t  c o r r e l a t i o n ,  t h a t  f o r  A v c o a t ,  i s  shown i n  F i g .  3 6 .  

E q u a t i o n  ( 2 3 )  f o r  A v c o a t  c a n  a l s o  b e  a r r a n g e d  f o r  l o g a r i t h m i c  

p l o t t i n g  a s  

T h i s  h a s  b e e n  g r a p h e d  i n  F i g .  37 and  t h e  r e l a t i o n  shows  a s t a n d a r d  d e v i a -  

t i o n  o f  34 p e r c e n t .  T h i s  i s  o v e r  t w i c e  t h e  s t a n d a r d  d e v i a t i o n  o f  1 6  p e r -  

c e n t  f o r  t h e  power f u n c t i o n  c o r r e l a t i o n  g r a p h e d  i n  F i g .  33 and  shows  t h e  

s u p e r i o r i t y  o f  E q u a t i o n  ( 2 0 )  o v e r  E q u a t i o n  ( 2 3 )  o r  ( 2 4 ) .  
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e .  D i m e n s i o n l e s s  Forms o f  C o r r e l a t i o n s  

A s  w i t h  t h e  P h a s e  I r o u n d - r o b i n  d a t a ,  t h e  power  f u n c t i o n  c o r r e -  

l a t i o n s  c a n b e  e x p r e s s e d  i n  d i m e n s i o n l e s s  fo rm.  Thus  E q u a t i o n s  ( 2 0 )  and  ( 2 1 )  
c a n  b e  e x p r e s s e d  i n  t h e  same f o r m  a s  E q u a t i o n  ( E - 9 ) ,  n a m e l y ,  

w i t h  t h e  TT-groups  d e f i n e d  a s  i n  E q u a t i o n s  ( E - 4 )  t o  ( E - 6 ) .  However ,  s i n c e  

t h e  v a l u e s  o f a O  a n d n H D  a r e n o t  known f o r  t h e s e  m a t e r i a l s ,  E q u a t i o n  ( 2 5 ) m u s t  

b e  r e d u c e d t o t h e  d i m e n s i o n a l  f o r m s h o w n i n E q u a t i o n  ( E - l 6 A ) ,  n a m e l y ,  
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w i t h  ( R e f f ) R R  = 0 . 1 7 2  f t  ( 2 7 )  I - n - m  b = a ( R e f f I R R  

I n  t h e  c a s e  o f  t h e  m e a s u r e d  e n t h a l p y  p o t e n t i a l  c o r r e l a t i o n ,  

E q u a t i o n  ( 2 2 )  c a n  b e  e x p r e s s e d  a s  

w h e r e  

and  t h e  o t h e r  v - g r o u p s  a r e  a s  p r e v i o u s l y  d e f i n e d  i n  Append ix  E .  Expan-  

s i o n  o f  t h i s  i n  d i m e n s i o n a l  fo rm l e a d s  t o  

S i n c e  AHD i s  n o t  known,  t h i s  c a n  b e  c o n v e r t e d  t o  

w h e r e  

E q u a t i o n  ( 3 2 )  h a s  t h e  same fo rm as  E q u a t i o n  ( 2 7 )  i n  t h e  P h a s e  I r e p o r t '  

e x c e p t  t h a t  t h e  b g i v e n  t h e r e  e q u a l s  b ( R e  f )  h e r e .  

84 



3. T e m p e r a t u r e  C o r r e l a t i o n s  

Two d i s t i n c t  s e t s  o f  t e m p e r a t u r e  m e a s u r e m e n t s  were made d u r i n g  t h e  

P h a s e  I1 r o u n d  r o b i n .  T h e s e  were f r o n t  s u r f a c e  t e m p e r a t u r e  d u r i n g  e x -  

p o s u r e  a n d  i n t e r n a l  t e m p e r a t u r e  o f  t h e  a b l a t i o n  model  d u r i n g  a r u n .  The  

r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  h a v e  b e e n  t a b u l a t e d  i n  A p p e n d i x  C. A d i s -  

c u s s i o n  o f  t h e s e  d a t a  and  o f  c o r r e l a t i o n s  b a s e d  on them f o l l o w .  

a .  F r o n t  S u r f a c e  T e m p e r a t u r e  

A s  p o i n t e d  o u t  e a r l i e r ,  s e v e r a l  o p t i c a l  t e c h n i q u e s  were u s e d  f o r  

d e t e r m i n i n g  f r o n t  s u r f a c e  t e m p e r a t u r e ,  and  i n  m o s t  c a s e s  t h e  r e s u l t s  were 

n o t  d i r e c t l y  c o m p a r a b l e .  However ,  t h e  f a c i l i t y  p y r o m e t e r s  were p r e v i o u s l y  

c a l i b r a t e d  i n  p l a c e  a n d  t h e  d a t a  f rom t h e s e  i n s t r u m e n t s  w e r e  u s e d  f o r  c o r -  

r e l a t i o n  p u r p o s e s .  R e l a t i o n s  i n v o l v i n g  s u c h  f a c t o r s  a s  mass  l o s s  r a t e ,  

p y r o l y s i s  r a t e ,  h e a t i n g  r a t e ,  and  s t a g n a t i o n  p r e s s u r e  were e v a l u a t e d ,  b u t  

t h e  s i m p l e s t  was 

T F s  = a ( A p l w  ( 3 4 )  

where  TF,  i s  t h e  f r o n t  s u r f a c e  t e m p e r a t u r e  i n  d e g r e e s  R a n k i n e .  

g r e s s i o n  a n a l y s i s  l e d  t o  

The r e -  

M A T E R I A L  a 

PLL 1 2 , 1 5 0  
PLH 1 2 , 4 4 0  
A 1 0 , 7 8 0  
SP 7 , 8 2 0  
SG 5 , 3 7 0  
P* 7 , 5 1 0  

W 

- 
0 . 2 6  
0 . 2 7  
0 . 2 3  
0 . 1 7  
0 . 1 1  
0 . 1 8  

MULTIPLE P E R C E N T  
C O R R E L A T I O N  STANDARD 
C O E F F I C I E N T  D E V I  A T I O N  

0 . 9 4  5 
0 . 9 0  7 
0 . 8 8  6 
0 . 9 4  4 
0 . 8 4  5 
0 . 8 4  5 

* 
D a t a  from Phase  I round r o b i n .  

P l o t s  o f  t h e  c o r r e l a t i o n s  f o r  t h e s e  s i x  m a t e r i a l s  a r e  g i v e n  i n  

F i g s .  38 t h r o u g h  40. The  c o r r e l a t i o n  a n d  p e r c e n t  s t a n d a r d  d e v i a t i o n  f o r  

t h e  h i g h - d e n s i t y  p h e n o l i c - n y l o n  were d e t e r m i n e d  w i t h  t h e  G e n e r a l  E l e c t r i c  

d a t a  e x c l u d e d .  T h e i r  p y r o m e t e r  d i f f e r e d  f rom t h e  o t h e r  o p t i c a l  p a r a m e t e r s  

s u p p l i e d  by  t h e  v a r i o u s  f a c i l i t i e s  d u r i n g  t h e  P h a s e  I r o u n d  r o b i n  i n  t h a t  

i t  was a s p e c i a l ,  i n - h o u s e ,  t w o - c o l o r  d e s i g n .  T h e s e  c o r r e l a t i o n s  were 

q u i t e  s a t i s f a c t o r y .  
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. 4  

A s  good  a c o r r e l a t i o n  was o b t a i n e d  by r e p l a c i n g  m p  w i t h  A t .  
O t h e r  e q u a l l y  good c o r r e l a t i o n s  were 

and  

T h i s  was e x p e c t e d  s i n c e  T F s  c o r r e l a t e s  w i t h  m p  ( s e e  E q u a t i o n  ( 2 1 )  o r  it, 
a n d  t h e y  c o r r e l a t e  w i t h  h e a t i n g  r a t e  a n d  s t a g n a t i o n  p r e s s u r e  ( s e e  

E q u a t i o n  ( 2 0 ) ) .  F o r  E q u a t i o n  ( 3 5 ) ,  w i t h  t h e  p y r o l y s i s  r a t e ,  u s e d ,  t h e  

r e g r e s s i o n  a n a l y s i s  g a v e  
P '  

MAT E R I  AL a 

- 
PLL 1 0 , 9 8 0  
PLH 1 0 , 7 1 0  
A 1 0 , 0 4 0  
SP 7 , 6 6 0  
SG 5 , 2 1 0  
P*  7 , 2 6 0  

V 

0 . 0 3 1  
0 . 0 4 4  
0 . 0 3 9  
0 . 0 1 2  
0 . 0 2 8  
0 . 0 0 7 6  

w 

- 
0 . 2 1  
0 . 2 0  
0 . 1 8  
0 . 1 6  
0 . 0 7 2  
0 .  17 

M U L T I P L E  PERCENT 
CORREL AT1 O N  S T A N D A R D  
C O E F F I C I E N T  D E V I A T I O N  

0 . 9 5  5 
0 . 9 2  6 
0 . 9 0  6 
0 . 9 5  4 
0 . 8 6  5 
0 . 8 4  4 

* 
Data from Phase  I round r o b i n .  

b .  I n t e r n a l  T e m p e r a t u r e  R i s e  

A number o f  t h e  m o d e l s  f o r  a l l  f i v e  o f  t h e  l o w - d e n s i t y  m a t e r i a l s  

were i n t e r n a l l y  i n s t r u m e n t e d  w i t h  t h e r m o c o u p l e s .  The  method o f  p r e p a r i n g  

t h e s e  m o d e l s  and  t h e  i n f o r m a t i o n  o b t a i n e d  h a v e  b e e n  d e s c r i b e d  e a r l i e r .  

( 1 )  Any T e m p e r a t u r e  R i s e .  Of c o n s i d e r a b l e  i n t e r e s t  i n  a b l a t i o n  

d e s i g n  i s  t h e  t h i c k n e s s  o f  a g i v e n  m a t e r i a l  r e q u i r e d  t o  p r e v e n t  t h e  bond 

l i n e  f rom r e a c h i n g  a g i v e n  t e m p e r a t u r e  b e f o r e  a g i v e n  t ime.  I t  was t h e r e -  

f o r e  d e c i d e d  t o  t r y  c o r r e l a t i n g  t h e r m o c o u p l e  p o s i t i o n ,  x ( i n  i n c h e s ) ,  w i t h  

t h e  t ime  t o  r e a c h  a g i v e n  t e m p e r a t u r e ,  t ( s e c o n d s  f o r  a t e m p e r a t u r e  r i s e  

o f  (AT) ,  and  t h e  e n v i r o n m e n t a l  p a r a m e t e r s  o f  h e a t i n g  r a t e  and  s t a g n a t i o n  

p r e s s u r e .  The  f o r m  o f  t h e  r e l a t i o n  e v a l u a t e d  was 

x = a ( P  ) b ( { s R I )  '( t )  d(AT) e 

CW 
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A p p r o x i m a t e l y  s i x  p o i n t s  f r o m  e a c h  t e m p e r a t u r e  p r o f i l e  g i v e n  i n  A p p e n d i x C ,  

c o v e r i n g  t h e  r a n g e  f r o m  low t e m p e r a t u r e  r i s e s  t o  v a l u e s  o f  a p p r o x i m a t e l y  

1 2 0 0 ” F ,  were u s e d  i n  t h e  r e g r e s s i o n  a n a l y s i s .  The  r e s u l t s  were 

MATER1 AL 
MULTIPLE 

a b C d e CORRELATION 
C O E F F I C I E N T  - - - - -  

PLL 0 . 0 3 4  0 . 0 5 3  0 . 3 0  0 . 6 3  - 0 . 2 8  0 . 9 3  
PLH 0 . 0 5 6  0 . 0 3 5  0 . 1 5  0 . 5 8  - 0 . 2 4  0 . 9 7  
A 0 . 0 3 7  0 . 0 1 8  0 . 2 7  0 . 6 0 .  - 0 . 2 6  0 . 9 2  
SP 0 . 0 7 2  0 . 0 2 2  0 . 1 8  0 . 5 2  -0.30 0 . 9 5  
SG 0 . 1 2  0 . 0 3 1  0 . 0 9 8  0 . 5 4  - 0 . 2 8  0 . 9 7  

PERCENT 
STANDARD 

DE V I AT I ON 

1 3  
9 

14  
12  
8 

A. J.  C h a p m a n l * i n t e r p r e t e d  model  t e m p e r a t u r e  d a t a  i n  a s i m i l a r  way. Fo r  

a l o w - d e n s i t y  p h e n o l i c - n y l o n  p r e p a r e d  a t  L a n g l e y  ( p  = 39 l b / f t 3 ) ,  h i s  

r e l a t i o n ,  c o n v e r t e d  t o  b e  c o m p a r a b l e  t o  E q u a t i o n  ( 3 7 ) ,  was 

x = 0 . 0 1 3  6 ° * 3 9 t 0 * 8 9 A T - 0 * 3 9 .  T h i s  i s  n o t  f a r  d i f f e r e n t  f rom t h e  v a l u e s  

f o r  p h e n o l i c - n y l o n  (PLL) when o n e  c o n s i d e r s  t h a t  t h e  e x p e r i m e n t s  were 

p e r f o r m e d  i n  a s u b s o n i c  f a c i l i t y  w i t h  a n  i n v a r i a n t  s t a g n a t i o n  p r e s s u r e  

o f  o n e  a t m o s p h e r e .  T h e r e f o r e ,  P c o u l d  n o t  be  i n c l u d e d  i n  t h e  r e l a t i o n .  
t 2  

R e c e n t l y ,  p o s t l a u n c h  r e p o r t s  h a v e  become a v a i l a b l e  f o r  s e v e r a l  

o f  t h e  unmanned A p o l l o  s p a c e c r a f t s  w h i c h  u s e d  Avcoa t  (A) f o r  t h e  a b l a t i n g  

m a t e r i a l  on t h e  h e a t  s h i e l d .  D a t a  f rom t h e s e  manned S p a c e c r a f t  C e n t e r  

were u s e d  i n  E q u a t i o n  ( 3 7 )  a l o n g  w i t h  t h e  a b o v e  c o n s t a n t s  f o r  

A v c o a t  (A)  t o  p r e d i c t  t h e  p o s i t i o n s  o f  t h e  600 and  1 0 0 0 ° F  i s o t h e r m s .  

T h e s e  p r e d i c t i o n s  a r e  l i s t e d  w i t h  t h e  NASA p r e d i c t i o n s  a n d  m e a s u r e d  d e p t h s  

i n  T a b l e  V. They  compare  v e r y  f a v o r a b l y .  

( 2 )  T e m p e r a t u r e  R i s e  of  250°F .  A more  l i m i t e d  c o r r e l a t i o n  was 

t r i e d  i n  w h i c h  t h e  t e m p e r a t u r e  r i s e ,  AT, was 250°F ;  f o r  t h i s ,  t h e  t i m e  was 

d e s i g n a t e d  t 2 5 0 .  The  fo rm o f  t h i s  r e l a t i o n  was 

X ( 3 8 )  

The r e g r e s s i o n  a n a l y s i s ,  u s i n g  t h e  t i m e  t o  a 250°F t e m p e r a t u r e  r i s e  a t  

e a c h  t h e r m o c o u p l e  p o s i t i o n ,  a s  t a b u l a t e d  i n  Append ix  C, l e d  t o  

MULTIPLE PERCENT 
MATERIAL a b C d CORRELATION STANDARD 

DEV I AT I ON COE F F I  C I ENT - -  - -  
PLL 0 . 0 1 4  0 . 0 8 3  0 . 1 8  0 . 6 1  0 . 9 7  8 
PHL 0 . 0 1 7  0 . 0 7 9  0 . 1 4  0 . 6 0  0 . 9 9  5 
A 0 . 0 2 3  0 . 1 0 5  0 . 1 5  0 . 6 2  0 . 9 9  6 
SP 0 . 0 0 8 2  0.016 0 .  26 0 . 5 4  0 . 9 7  9 
SG 0 . 0 3 3  0 . 0 6 5  0 . 0 4 6  0 . 5 5  0 . 9 9  2 
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* -  

I 

A s  e x p e c t e d ,  t h e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  r i s e s  a n d  t h e  p e r c e n t  

s t a n d a r d  d e v i a t i o n  d r o p s ,  a s  c o m p a r e d  t o  t h e  c o r r e l a t i o n  g i v e n  i n  

E q u a t i o n  ( 3 7 ) ,  s i n c e  o n e  wou ld  p r e d i c t  f r o m  o n e - d i m e n s i o n a l  h e a t  t r a n s f e r  

t h e o r y  t h a t  AT wou ld  e n t e r  i n t o  t h e  r e l a t i o n  i n  a more c o m p l e x  way t h a n  a 

s i m p l e  power f u n c t i o n .  

A p l o t  o f  t h i s  c o r r e l a t i o n  was d i f f i c u l t  t o  make w i t h  t h e s e  d a t a  

b e c a u s e  t h e  v a r i o u s  t h e r m o c o u p l e  p o s i t i o n s  were e s s e n t i a l l y  t h e  same i n  a l l  

m o d e l s ,  c a u s i n g  t h e  p o i n t s  t o  b u n c h  up  a t  t h e s e  v a l u e s  o f  x .  For t h i s  

r e a s o n ,  t h e  r e l a t i o n  w a s  i n v e r t e d  t o  make t 2 5 0  t h e  d e p e n d e n t  v a r i a b l e ,  a s  

f 01 lows  : 

R e s u l t s  o f  t h e  r e g r e s s i o n  a n a l y s i s  were 

MULTIPLE PERCENT 
MATER1 AL a b C d CORRELATION STANDARD 

C O E F F I C I E N T  DEVI ATION - - - -  
PLL 1110 - 0 . 2 6  -0 .33  1 . 5 4  0 .98  13  
PLH 930 -0.13 - 0 . 2 5  1 . 6 2  0.99 8 
A 470 - 0 . 1 6  6 - 0 . 2 5  1 .58  0.99 9 
SP 7250 +0 .0074  -0 .53  1 . 7 0  0.97 16  
SG 370 - 0 . 1 2  -0.087 1 . 8 1  0 .99  5 

The c o n s t a n t s  a n d  e x p o n e n t s  a r e  n o t  d i r e c t l y  c o n v e r t i b l e  b e t w e e n  

E q u a t i o n s  (38) a n d  ( 3 9 )  b e c a u s e  t h e  r e g r e s s i o n  a n a l y s i s  m a x i m i z e s  t h e  

m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  d e p e n d e n t  v a r i a b l e .  The  c l o s e r  

t h i s  c o e f f i c i e n t  i s  t o  u n i t y ,  h o w e v e r ,  t h e  b e t t e r  i s  t h e  c o n v e r s i o n  b e t w e e n  

t h e  c o n s t a n t s  a n d  t h e  e x p o n e n t s .  T h e  d i f f e r e n c e  i n  p e r c e n t  s t a n d a r d  d e v i a -  

t i o n  a l s o  a r i s e s  f r o m  t h e  f a c t  t h a t  i t  i s  c a l c u l a t e d  f o r  t h e  d e p e n d e n t  

v a r i a b l e ,  

i n  E q u a t i o n  ( 3 9 )  i s  g r e a t e r  t h a n  u n i t y )  t h a n  v i c e  v e r s a .  

a n d  t Z s 0  i s  more  s e n s i t i v e  t o  x z s 0  ( b e c a u s e  t h e  c o e f f i c i e n t  d 

The c o r r e l a t i o n  g i v e n  i n  E q u a t i o n  ( 3 9 )  i s  g r a p h e d  i n  F igs .  4 1  
t h r o u g h  45 f o r  t h e  v a r i o u s  m a t e r i a l s .  I t  s h o u l d  b e  r emembe ted  t h a t  i n a l l  

c a s e s  t h e  t h i c k n e s s  r e p r e s e n t e d  b y  x 2 5 0  c a n  b e  c o n v e r t e d  t o  w e i g h t  p e r  u n i t  

a r e a ,  W,,, ( i n  p o u n d s  p e r  s q u a r e  f o o t ) ,  by u s e  o f  t h e  p o l y m e r  d e n s i t y ,  p V R  
( i n  p o u n d s  p e r  c u b i c  f o o t ) . *  T h u s ,  

* Polymer d e n s i t i e s  are g i v e n  i n  T a b l e  I. 
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c .  D i m e n s i o n l e s s  Forms o f  C o r r e l a t i o n s  

The d e v e l o p m e n t  o f  d i m e n s i o n l e s s  f o r m s  f o r  t h e  t e m p e r a t u r e  c o r -  

r e l a t i o n s  i n v o l v e  a d d i t i o n a l  v a r i a b l e s  o v e r  t h o s e  c o n s i d e r e d  i n  t h e  mass  

l o s s  c a s e s .  T h e s e  a d d i t i o n a l  v a r i a b l e s  d i f f e r  f o r  t h e  two c a s e s  o f  

c o n c e r n :  f r o n t  s u r f a c e  and i n t e r n a l  t e m p e r a t u r e .  

d 

(1) F r o n t  S u r f a c e  T e m p e r a t u r e .  The v a r i a b l e s  c o n s i d e r e d  i n  t h e  

i m e n s i o n a l  a n a l y s i s  a r e  s i m i l a r  t o  t h o s e  l i s t e d  i n  Append ix  E ,  e x c e p t  f o r  

t h e  e l i m i n a t i o n  o f  t h e  mass l o s s  r a t e ,  k t ,  
n,,,, s i n c e  i t  i s  a f u n c t i o n  o f  n and  n P .  
a d d e d  a r e  t h e  f r o n t  s u r f a c e  t e m p e r a t u r e ,  

a b l a t i n g  s u r f a c e ,  E .  The u n i t s  f o r  t h e s e  v a r i a b l e s  a r e :  

and  i t s  d i m e n s i o n l e s s  g r o u p ,  

I n  a d d i t i o n ,  new v a r i a b l e s  t o  be  
q 

T F S ,  and  t h e  e m i s s i v i t y  o f  t h e  

CON V ERT ED CONVERTED 
VARIABLES UNITS VARIABLES UNITS - 

TF s O R  TF s O R  

E None E None 

T h e s e  i n v o l v e  o n e  a d d i t i o n a l  d i m e n s i o n ,  t e m p e r a t u r e ,  and s o  o n e  a d d i t i o n a l  

d i m e n s i o n l e s s  g r o u p  i s  r e q u i r e d  ( = 2  - 1) .  T h i s  g r o u p  i s  

ns = ( E  C J T ~ ~  S i R e f f ) / ( A H A *  K )  ( 4 1 ) *  

The  S t e f a n - B o l t z m a n n  c o n s t a n t ,  U ,  i s  a c o n v e r s i o n  f a c t o r  h a v i n g  

t h e  f o l l o w i n g  v a l u e  

CJ = 4 . 7 6  x B t u / f t 2  s e c  O R 4  

I n  i t s  c o n v e r t e d  v a r i a b l e  f o r m ,  i t  becomes  cJ , , ,gc  w i t h  u n i t s  o f  l b / s e c 3  O R 4 .  

D e f i n i t i o n s  o f  J,,, and  g c  a r e  g i v e n  i n  E q u a t i o n  ( E - 3 A )  o f  A p p e n d i x  E.  

N e g l e c t i n g  t h e  F a y - R i d d e l l  g r o u p ,  n f ,  f o r  t h e  e x p e r i m e n t s  p e r -  

f o r m e d  u n d e r  s u p e r s o n i c  f l o w  c o n d i t i o n s ,  t h e  c o r r e l a t i o n  r e l a t i o n  m i g h t  b e  

n, = bOnUq?TpY ( 4 2 )  

* See  Equation (E-3B) of  Appendix E f o r  t h e  d e f i n i t i o n  of  t h e  c o n v e r s i o n  fac tor  K. 
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However ,  t h e r e  i s  a l r e a d y  a power  f u n c t i o n  r e l a t i o n  b e t w e e n  t h e  l a s t  two 

T - g r o u p s  a n d  rm ( s e e  E q u a t i o n  ( 2 0 ) ) ,  
e l i m i n a t e d  t o  g i v e  

a n d  s o  o n e  o f  t h e m ,  n q ,  c a n  be- 

T s  = c,rr;n; ( 4 3 )  

S i n c e  AHD i s  s t i l l  n o t  known f o r  t h e s e  m a t e r i a l s ,  e x p a n s i o n  o f  

t h i s  r e l a t i o n  i n t o  a d i m e n s i o n a l  fo rm l e a d s  t o  

T F S  ( 4 4 )  

w h e r e  

and  

z = LEV, y = 4 w  (45B)  

i n  E q u a t i o n  ( 3 5 ) .  I f  z / 4 ,  o r  v ,  i s  q u i t e  s m a l l ,  t h e  p r e s s u r e  term w i l l  
a p p r o a c h  u n i t y  a n d  E q u a t i o n  ( 4 4 )  r e d u c e s  t o  

w h e r e  y = 4 w  i n  E q u a t i o n  ( 3 4 )  a n d  a ”  i s  t h e  same a s  i n  E q u a t i o n  (45A) 

e x c e p t  t h a t  z i s  s e t  t o  z e r o .  T h e  e x p o n e n t s  g i v e n  f o r  t h e s e  c a s e s  a n d  

t h e i r  c o n v e r t e d  v a l u e s  a r e  g i v e n  b e l o w ,  where  i t  i s  s e e n  t h a t  v i s  i n -  

d e e d  r e l a t i v e l y  s m a l l .  

E q u a t i o n s  ( 3 5  a n d  ( 4 4 )  

TFS = a ( P t  
2 -  

Equations ( 3 4 )  

TFS = a ( 6  ) w  

a n d  ( 4 6 )  

P 

M a t e r  I a 1  V W z = 4 v  y = 4 w  

PLL 0.031 0 . 2 1  0 . 1 3  0 . 8 4  
PJJ 0.044 0.20 0 . 1 8  0.80 
A 0.039 0 . 1 8  0 . 1 6  0 .72  
SP 0.012 0 .16  0.048 0 . 6 4  
SG 0.028 0.072 0 .12  0 .29  

- - - -  W y = 4w - -  
0 .26  1 . 0 4  
0 . 2 7  1.08 
0 . 2 3  0 .92  
0 .17  0 .68  
0 .11  0 . 4 4  
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I .  

The v a l u e s  o f  a ,  v ,  a n d  w i n  E q u a t i o n s  ( 3 4 )  and ( 3 5 )  when t h e  mass 

l o s s  r a t e ,  G t ,  i s u s e d  i n  t h e  c o r r e l a t i o n s  a r e g i v e n i n T a b l e  V I .  T h i s  t a b l e  

a l s o  g i v e s  t h e v a l u e s  o f  a ,  n ,  a n d  m f o r  E q u a t i o n  ( 3 6 ) .  I t  s h o u l d b e  remembered  

t h a t  t h e s e  a r e  d i r e c t l y  i n t e r c o n v e r t i b l e  w i t h  E q u a t i o n  ( 1 l ) b e c a u s e  of  t h e  

e m p h a s i s  t h e  r e g r e s s i o n  p r o g r a m  p u t s  on  t h e  d e p e n d e n t  v a r i a b l e  i n  d e t e r m i n i n g  

t h e  b e s t  c o r r e l a t i o n .  

Table V I  

CONSTANTS FOR ADDITIONAL FRONT SURFACE TEMPERATURE CORRELATIONS 

A. Equation (34)  TFS = 

MULTIPLE 
MATER1 AL a W CORREL AT ION 

C O E F F I  C I  ENT - - 
PLL 11,260 0 .23  0.90 
PLH 13,480 0.28 0 .91  
A 7,990 0.16 0 .86  
SP 7,410 0 .15  0.96 
SG 5,000 0.082 0.89 

B. Equation (35)  TFS = a(P, )"(;,)" 
2 

M ATERI  AL a V 

PLL 10,260 0.019 
PLH 12,530 0.017 
A 8,620 0.026 
SP 7,530 -0.016 
SG 5,010 0.0067 

PERCENT 
STAND ARD 

DEVIATION 

MULTIPLE PERCENT 
w CORRELATION STANDARD 

C O E F F I C I E N T  DEVIATION - 
0.19 0 . 9 1  6 
0 .25  0 . 9 1  6 
0 .20  0.87 6 
0.17 0 .96  3 
0.076 0.90 4 

C. Equation ( 3 6 )  TFS = a(qSRl)n(Ptz)m 
CW 

M ATERI  AL a n m 

- - - 
PLL 2,870 0 . 1 0  0.052 
PLH 2,600 0.12 0.055 
A 2,280 0.13 0.025 
SP 2,110 0 .13  0.028 
SG 2,680 0.077 0.032 
P* 2,530 0.096 0.032 

* 
D a t a  from P h a s e  I r o u n d - r o b i n .  
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MULTIPLE PERCENT 
CORRELATION STANDARD 
C O E F F I C I E N T  DEVIATION 

0.94 5 
0 . 9 3  5 
0.90 6 
0.93 5 
0.88 4 
0.80 5 



( 2 )  I n t e r n a l  T e m p e r a t u r e  Rise .  I n  t h i s  d i m e n s i o n a l  a n a l y s i s ,  

two v a r i a b l e s - t h e  f r o n t  s u r f a c e  t e m p e r a t u r e ,  T,,, a n d  i t s  r e l a t e d  t e rm,  

€ , - can  b e  d r o p p e d  s i n c e  t h e i r  d i m e n s i o n l e s s  g r o u p ,  r S ,  i s  a f u n c t i a n  o f  
7~ 

a r e  t h e  p o s i t i o n ,  x ,  a t  w h i c h  a g i v e n  t e m p e r a t u r e  r i s e ,  AT, h a s  t a k e n  

p l a c e  a t  a g i v e n  t i m e ,  

v i r g i n  p o l y m e r ,  p V R .  

a n d  v P  a n d  c a n  b e  e l i m i n a t e d .  The  f i v e  new v a r i a b l e s  t o  b e  c o n s i d e r e d  
9 

t ,  t h e  h e a t  c a p a c i t y ,  C p ,  a n d  t h e  d e n s i t y  o f  t h e  
The  u n i t s  o f  t h e s e  v a r i a b l e s  a r e  

Converted Converted 
V a r i a b l e s  U n i t s  V a r i a b l e s  U n i t s  

X f t  X f t  

AT OF QT OF 

t sec t Sec 

f t 2 / s e c 2  OF cP B tu / lb  OF CpJmgc 

P V R  l b / f t 3  PVR l b / f t 3  

A n e t  o f  t h r e e  new v a r i a b l e s  h a s  b e e n  a d d e d  w i t h o u t  any  c h a n g e  i n  t h e  

number o f  d i m e n s i o n s ,  a n d  t h e r e  i s  o n e  d i m e n s i o n l e s s  g r o u p  t o  b e  r e p l a c e d ,  

T . t h u s  f o u r  ( 3  + 1) new d i m e n s i o n l e s s  g r o u p s  a r e  r e q u i r e d .  I n  t h e i r  

s i m p l e s t  f o r m ,  t h e s e  a r e  
S J  

T~ = d R e f f  ( 4 7 )  

vT = CpAT/AHD ( 4 8 )  

The n u m e r a t o r  o f  t h e  s e c o n d  o f  t h e s e  ( 4 8 )  r e p r e s e n t s  t h e  h e a t  s t o r e d  i n  

t h e  v i r g i n  p o l y m e r  p e r  u n i t  mass and  i s  t h e  c a u s e  o f  t h e  t e m p e r a t u r e  r i s e .  

O t h e r  v a r i a b l e s  m i g h t  b e  c o n s i d e r e d ,  s u c h  a s  t h o s e  t o  a l l o w  f o r  c o n d u c t i v e  

h e a t  f l o w ,  b u t  t h i s  wou ld  r e q u i r e  d e f i n i t i o n  o f  a n o t h e r  t e m p e r a t u r e  d i f -  

f e r e n c e  a n d  d o e s  n o t  add  new i n f o r m a t i o n .  

T h e  c o r r e l a t i o n  p r o p o s e d  i s  

P '  
* See E q u a t i o n  ( E - 3 A )  of Appendix E for d e f i n i t i o n s  of conve r s ion  f a c t o r s  gc, Jm, and F 
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A g a i n ,  AHD i s  n o t  known f o r  t h e s e  m a t e r i a l s ,  a n d  s o  t h e  e x p a n d e d  d imen-  

s i o n a l  f o r m  i s  

w h e r e  

I n  t h e  c a s e  o f  t h e  250°F i s o t h e r m ,  t h e  vT term becomes  a con-  

s t a n t  so t h a t  E q u a t i o n  ( 5 1 )  becomes  

7Tx = g0vb7TC7Tdvf 
P q t D  

T h e  e x p a n d e d  d i m e n s i o n a l  fo rm i s  t h e n  

w h e r e  

pVR) 
( d - 2 b - 3 c  ) / 2 (  a =  g O ( R e f f )  ( S i )  + + (AH D) l + b + c - d + f  

. ~ ( d - 2 b - c  ) / 2 ~ 2 b + c + f  ( 2 f + d + 2 b + c  ) / 2  . 
rn P gC 

A 1  s o ,  

( 5 4 )  

( 5 6 )  

The v a l u e  o f  t h e  e x p o n e n t  f is  a l m o s t  i m p o s s i b l e  t o  d e t e r m i n e  

s i n c e  d e n s i t y  c a n n o t  b e  c h a n g e d  e n o u g h  t o  d e t e r m i n e  i t s  e f f e c t  w i t h o u t  

a l s o  a f f e c t i n g  o t h e r  p r o p e r t i e s  o f  t h e  m a t e r i a l .  However ,  t h e  s u c c e s s  

i n  u s i n g  E q u a t i o n  ( 4 0 )  t o  p r e d i c t  i s o t h e r m 3  i n  t h e  A p o l l o ,  wh ich  h a s  a 

v e r y  much l a r g e r  e f f e c t i v e  r a d i u s  t h a n  t h e  m o d e l s  t e s t e d  i n  t h i s  p r o g r a m ,  

wou ld  s u g g e s t  t h a t  t h e  e x p o n e n t  on  R e f f  i s  v e r y  s m a l l .  

t o  b e  z e r o ,  t h e n  f i s  a p p r o x i m a t e l y  e q u a l  t o  d - 1 - b - C .  

I f  i t  i s  as sumed  

4.  C o m p a r a t i v e  A b l a t i o n  

The  c o r r e l a t i o n s  r e p o r t e d  i n  t h e  p r e v i o u s  s e c t i o n s  p e r m i t  c o m p a r i s o n  

o f  t h e  a b l a t i o n  b e h a v i o r  of  t h e  m a t e r i a l s  s t u d i e d  a s  a f u n c t i o n  of  

e n v i r o n m e n t .  



. ,  

a .  Mass L o s s  R a t e  

E q u a t i o n  ( 2 0 )  r e l a t e s  t h e  mass  l o s s  r a t e  t o  t h e  s t a g n a t i o n  

p o i n t  h e a t i n g  r a t e  a n d  p r e s s u r e ,  

o r  by u s e  o f  t h e  F a y - R i d d e l l  r e l a t i o n ,  n f  = 1 ,  i n  terms o f  t h e  e n t h a l p y  

p o t e n t i a l ,  

where  

(58 )  

( 5 9 )  

F i g u r e  46 i s  a l o g a r i t h m i c  p l o t  o f  E q u a t i o n  ( 5 8 )  b a s e d  on t h e  v a l u e s  o f  

c o n s t a n t s  i n  E q u a t i o n  ( 2 0 )  f o r  t h e  f i v e  l o w - d e n s i t y  m a t e r i a l s .  S t a g n a t i o n  

p r e s s u r e  v a l u e s  o f  0 . 0 3  and  0 . 3  a tm were a s s u m e d ,  a n d  Ref. was t a k e n  t o  

b e  t h e  same a s  t h e  1 . 2 5 - i n .  f l a t - f a c e  m o d e l ,  i . e . ,  0 .172 f t .  

A t  t h e  l o w e r  p r e s s u r e s  ( i . e . ,  h i g h e r  a l t i t u d e s )  t h e  s i l i c o n e  

m a t e r i a l s ,  S P  a n d  SG, show much l o w e r  mass  l o s s  r a t e s  a t  low e n t h a l p i e s  

( i . e . ,  low f l i g h t  v e l o c i t i e s ) .  A t  h i g h e r  e n t h a l p i e s ,  h o w e v e r ,  t h e  low-  

d e n s i t y  p h e n o l i c - n y l o n s ,  PLL a n d  PLH, h a v e  t h e  l o w e s t  r a t e s ,  f o l l o w e d  

c l o s e l y  by  Avcoa t  ( A ) .  Wi th  h i g h e r  s t a g n a t i o n  p r e s s u r e s ,  r e p r e s e n t i n g  

l o w e r  a l t i t u d e s ,  t h e  l o w - d e n s i t y  p h e n o l i c - n y l o n s  a r e  b e s t ,  a c r o s s  a l m o s t  

t h e  e n t i r e  r a n g e  of  e n t h a l p i e s .  

The  b e h a v i o r  o f  h i g h - d e n s i t y  p h e n o l i c - n y l o n  (P )  a n d  T e f l o n  ( T )  

i s  a l s o  shown a t  t h e  h i g h e r  s t a g n a t i o n  p r e s s u r e ,  The T e f l o n  shows v e r y  

p o o r  p e r f o r m a n c e ,  b u t  t h e  h i g h - d e n s i t y  p h e n o l i c - n y l o n  i s  b e t t e r  t h a n  t h e  

s i l i c o n e s  a t  h i g h  e n t h a l p i e s .  One f a c t o r  n o t  c o n s i d e r e d  h e r e  i s  t h e  

t h r e s h o l d  s t a g n a t i o n  p r e s s u r e s  a t  w h i c h  m e c h a n i c a l  f o r c e s  m a r k e d l y  i n -  

c r e a s e  t h e  mass  l o s s  r a t e .  T h i s  a p p e a r s  t o  o c c u r  a t  l o w e r  p r e s s u r e s  f o r  

t h e  l o w - d e n s i t y  m a t e r i a l s  s o  t h a t  h i g h - d e n s i t y  p h e n o l i c - n y l o n  may b e h a v e  

b e t t e r  a t  h i g h e r  p r e s s u r e s .  
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b .  F r o n t  S u r f a c e  T e m p e r a t u r e  

R e l a t i o n  o f  p y r o l y s i s  r a t e  t o  f r o n t  s u r f a c e  t e m p e r a t u r e  i s  g i v e n  

by E q u a t i o n  ( 3 4 ) :  

TF, = a ( A p l w  ( 3 4 )  

The c o n s t a n t s  f o r  t h e  v a r i o u s  m a t e r i a l s  c a n  b e  u s e d  t o  c a l c u l a t e  t h e  

p y r o l y s i s  r a t e  a t  s e v e r a l  v a l u e s  o f  TF,. The r e s u l t s  a r e  t a b u l a t e d  b e l o w .  

- 
MATERIAL TFS = 2000'F TFS = 4000OF 

PLL 0.0021 0.021 
PLH 0.0025 0.022 
A 0.0016 0.022 
SP 0.0011 0.037 
SG 0.00085 0.19 
P 0.0021 0.055 

T h i s  a g a i n  shows  t h a t  a t  t h e  l o w e r  t h e r m a l  e n v i r o n m e n t s  t h e  s i l i c o n e  

m a t e r i a l s ,  SP and  SG, p e r f o r m  b e s t ;  i . e . ,  t h e y  h a v e  t h e  l o w e s t  p y r o l y s i s  

r a t e s  by  a f a c t o r  o f  two o r  t h r e e .  A t  t h e  h i g h e r  f r o n t  s u r f a c e  t e m p e r a -  

t u r e ,  4000"F ,  t h e i r  b e h a v i o r  i s  r e v e r s e d ,  a n d  t h e y  show t h e  h i g h e s t  

p y r o l y s i s  r a t e s .  

The  marked  c h a n g e  i n  p y r o l y s i s  r a t e  w i t h  t e m p e r a t u r e  i s  un-  

d o u b t e d l y  r e l a t e d  t o  t h e  c h e m i c a l  r e a c t i o n s  i n v o l v i n g  s i l i c o n ,  o x y g e n ,  

a n d  c a r b o n .  l7 Below t h e  m e l t i n g  p o i n t  o f  s i l i c a ,  a n d  t h i s  i s  i n t e r m e d i a t e  

t o  t h e  t w o  t e m p e r a t u r e s  s e l e c t e d  f o r  t h e  a b o v e  t a b u l a t i o n ,  t h e  s u r f a c e  i s  

p r o t e c t e d  by  s i l i c a  a n d  some s i l i c o n  c a r b i d e .  The l a t t e r  i s  fo rmed  w i t h  

t h e  e v o l u t i o n  o f  c a r b o n  monox ide .  Above t h e  m e l t i n g  p o i n t ,  h o w e v e r ,  t h e  

s i l i c a  r e a c t s  w i t h  c a r b o n  t o  f o r m ,  i n  a d d i t i o n ,  l i q u i d  s i l i c o n  a n d  g a s e o u s  

s i l i c o n  monox ide  w h i c h  a r e  r a p i d l y  removed f r o m  t h e  s u r f a c e .  

c .  I n t e r n a l  T e m p e r a t u r e  Rise  

The h e a t  r e j e c t i o n  a n d  i n s u l a t i n g  power  o f  t h e  v a r i o u s  m a t e r i a l s  

i s  b e s t  r e p r e s e n t e d  by t h e  i n t e r n a l  t e m p e r a t u r e  c o r r e l a t i o n  E q u a t i o n  ( 3 9 1 ,  
a s  f o l l o w s :  
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A g a i n  u s i n g  t h e  F a y - R i d d e l l  r e l a t i o n ,  rrf = 1, t o  e x p r e s s  t h i s  i n  t e r m s  

o f  e n t h a l p y  p o t e n t i a l ,  t h i s  becomes  

w h e r e  

The  t i m e  f o r  t h e  250°F i s o t h e r m  t o  r e a c h  a p o s i t i o n  of  0 . 4  i n .  b a c k  o f  

t h e  f r o n t  s u r f a c e  h a s  b e e n  c a l c u l a t e d  a t  a s t a g n a t i o n  p r e s s u r e  of  0 . 0 3  a tm 

and  an  R e f f  o f  0 . 1 7 2  f t  f o r  two d i f f e r e n t  e n t h a l p i e s .  

on t h e  c o n s t a n t s  f o u n d  f o r  E q u a t i o n  ( 3 9 )  a r e  t a b u l a t e d  b e l o w .  

The  r e s u l t s  b a s e d  

w 2 5 0  ( l b / f t 2 )  t 2 5 0  ( s e c )  

x~~~ = 0 , 4  i n .  n h c  a 1  c = 3000 A h c a l c  = 3 0 , 0 0 0  M A T E R I A L  

CW CW 

PLL 1 . 1 9  180 8 6  
PLH 1. 18 120 69  
A 1 . 0 3  7 2  41  
SP 1.11 190 58 
SG 1 . 2 2  7 4  60 

The b e s t  i n s u l a t o r  o v e r  t h e  r a n g e  o f  e n t h a l p i e s  is  t h e  L a n g l e y  l o w - d e n s i t y  

p h e n o l i c - n y l o n  (PLL) ;  t h e  p o o r e s t  i s  Avcoa t  ( A ) ,  p r o b a b l y  b e c a u s e  o f  c o n -  

d u c t i o n  a l o n g  t h e  web. 

The l o w e r  d e n s i t y  o f  t h e  Avcoa t  m a t e r i a l  c a n  b e  t a k e n  i n t o  a c -  

c o u n t  by s e l e c t i n g  m a t e r i a l  d e p t h s  t h a t  g i v e  t h e  same w e i g h t  l o a d i n g .  

When t h i s  i s  d o n e ,  t h e  t a b u l a t i o n  becomes  

~ 2 5 0  ( i n . )  

2 K 2 5 0  = 1 . 0 3  l b / f t  M A T E R 1  A L  

PLL 
PLH 
A 
SP 
SG 

0 . 3 5  
0 . 3 5  
0 . 4 0  
0 . 3 7  
0 . 3 4  

t 2 5 0  (set) 

CW cw 
A h c a l c  = 3000 Ahc a l  = 3 0 , 0 0 0  

140  69 
97  56 
7 2  41 

167 51 
54 4 4  

T h e  c o m p a r a t i v e  p e r f o r m a n c e  o f  A v c o a t  i m p r o v e s  i n  t h i s  c a s e ,  b u t  n o t  s u f -  

f i c i e n t l y  t o  o u t r a t e  t h e  o t h e r  m a t e r i a l s  a t  h i g h  e n t h a l p i e s .  
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V CONCLUS I ONS AND RECOMMENDAT I ONS 

T h e  r e s u l t s  o f  t h e  P h a s e  I1 r o u n d  r o b i n  c o n f i r m  t h e  e a r l i e r  f i n d i n g s  

t h a t  t h e  m a s s  l o s s  r a t e s  o f  a g i v e n  m a t e r i a l  c a n  b e  c o r r e l a t e d  i n  terms 

o f  h e a t i n g  r a t e  and  s t a g n a t i o n  p r e s s u r e .  

m e a s u r e m e n t s  o v e r  a w i d e r  r a n g e  o f  v a r i a b l e s .  I t  was a l s o  a g a i n  c o n f i r m e d  

t h a t  d e t e r m i n a t i o n  o f  e n t h a l p y  by t h e  e n e r g y  b a l a n c e  me thod  i s  n o t  s a t i s -  

f a c t o r y .  T h i s  i s  p a r t i c u l a r l y  t r u e  when t h e  p l a s m a  s t r e a m  e x h i b i t s  h e a t -  

i n g  r a t e  a n d  s t a g n a t i o n  p r e s s u r e  g r a d i e n t s  a s  was f o u n d  f o r  many o f  t h e  

f a c i l i t i e s  u s e d  i n  t h i s  s t u d y .  

T h i s  i s  b a s e d  o n  more e x t e n s i v e  

The  u s e  o f  a s t a n d a r d  c a l o r i m e t e r  h e l p e d  i n  t h e  i n t e r r e l a t i n g  o f  

r e s u l t s ,  b u t  t h e  u s e  o f  a s t a n d a r d ,  c a l i b r a t e d ,  t o t a l  r a d i a t i o n  p y r o m e t e r  

t o  m e a s u r e  f r o n t  s u r f a c e  t e m p e r a t u r e  was s u c c e s s f u l  o n l y  when c a l i b r a t e d  

p r o p e r l y  t o  a c c o u n t  f o r  t h e  a c t u a l  p a t h s  and  v i e w i n g  a n g l e s .  D i m e n s i o n a l  

a n a l y s i s  shows  t h a t  t h e  P h a s e  I r o u n d - r o b i n  d a t a ,  f o r  b o t h  T e f l o n  a n d  

h i g h - d e n s i  t y  p h e n o l i c - n y l o n ,  c a n  b e  c o r r e l a t e d  by a s i n g l e  d i m e n s i o n l e s s  

r e l a t i o n  i n  wh ich  t h e  v a l u e s  f o r  c e r t a i n  c o n s t a n t s  v a r y  f o r  e a c h  m a t e r i a l .  

One o f  t h e s e ,  n a m e l y ,  t h e  o v e r a l l  h e a t  o f  d e c o m p o s i t i o n  o f  t h e  m a t e r i a l ,  

c a n n o t  e a s i l y  b e  d e t e r m i n e d  s e p a r a t e l y ,  a n d  f o r  t h i s  r e a s o n  t h e  d i m e n s i o n -  

l e s s  fo rm i s  c o n v e r t e d  t o  a d i m e n s i o n a l  r e l a t i o n  by i n c l u d i n g  t h i s  c o n s t a n t  

i n  a n o t h e r  c o n s t a n t  t e r m .  T h e  l a t t e r  r e l a t i o n  p e r m i t s  p r o p e r  a l l o w a n c e  

f o r  t h e  e f f e c t i v e  r a d i u s  o f  t h e  model  i n  i n t e r p r e t i n g  t h e  d a t a .  The  

s u c c e s s  o f  t h e  d i m e n s i o n a l  r e l a t i o n  i n  c o r r e l a t i n g  l i t e r a t u r e  d a t a ,  w h i c h  

c o v e r  a t h i r t y - f i v e - f o l d  r a n g e  o f  e f f e c t i v e  r a d i i ,  c o n f i r m s  t h i s  a l l o w a n c e .  

T h e  h i g h  s t a g n a t i o n  p r e s s u r e  r u n s  i n  P h a s e  I1 f i t  t h e  P h a s e  I c o r r e -  

l a t i o n ,  i n  t h e  c a s e  o f  T e f l o n ,  u p  t o  p r e s s u r e s  of  33 a tm.  The  h i g h - d e n s i t y  

p h e n o l i c - n y l o n  d a t a ,  on t h e  o t h e r  h a n d ,  showed r a p i d l y  i n c r e a s i n g  m a s s  l o s s  

r a t e s  a t  p r e s s u r e s  a b o v e  2 . 7  a t m .  The  l a t t e r  d a t a  c a n  be c o r r e l a t e d  

s u c c e s s f u l l y ,  h o w e v e r ,  i n  terms o f  a m e c h a n i c a l  s t r e s s  a t  wh ich  f a i l u r e  

o f  t h e  c h a r  o c c u r s .  T h i s  i s  c o n f i r m e d  by t h e  f a c t  t h a t  t h e s e  m o d e l s  

showed e s s e n t i a l l y  no  c h a r  l a y e r  a f t e r  t e s t i n g .  

The  m a s s  l o s s  r a t e  c o r r e l a t i o n s  f o r  t h e  l o w - d e n s i t y  m a t e r i a l s  show 

t h e  same fo rm b u t  d i f f e r e n t  e x p o n e n t s  t h a n  e x h i b i t e d  by t h e  c o r r e l a t i o n s  

f o r  t h e  h i g h - d e n s i t y  m a t e r i a l s .  The  s i l i c o n e  m a t e r i a l s  do  n o t  c o r r e l a t e  
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a s  w e l l  a s  t h e  l o w - d e n s i t y  p h e n o l i c - n y l o n  o r  A v c o a t  b e c a u s e  t h e r e  i s  

e v i d e n c e  o f  a n  a b l a t i o n  m e c h a n i s m  c h a n g e  o v e r  t h e  r a n g e  o f  t e s t  e n v i r o n -  

m e n t s .  

A n a l o g o u s  c o r r e l a t i o n s  were o b t a i n e d  f o r  f r o n t  s u r f a c e  t e m p e r a t u r e  

a n d  i n t e r n a l  t e m p e r a t u r e  r i s e  f o r  t h e  l o w - d e n s i t y  m a t e r i a l s ,  a n d  t h e s e  

c a n  b e  d e r i v e d ,  e x c e p t  f o r  t h e  v a l u e s  o f  t h e  c o n s t a n t s ,  by d i m e n s i o n a l  

a n a l y s i s .  T h e s e  t h r e e  t y p e s  o f  c o r r e l a t i o n s  c a n  b e  u s e d  f o r  p r e d i c t i n g  

t h e  p e r f o r m a n c e  o f  t h e s e  m a t e r i a l s  a n d  a l s o  f o r  c o m p a r i n g  t h e i r  a b l a t i o n  

b e h a v i o r  u n d e r  d i f f e r e n t  e n v i r o n m e n t s .  

A t t e m p t s  t o  i n c l u d e  s u b s o n i c  d a t a  i n  t h e s e  c o r r e l a t i o n s  were u n s u c c e s s -  

f u l  b e c a u s e  o n l y  o n e  f a c i l i t y  was i n v o l v e d  a n d  a b r o a d e r  r a n g e  o f  f r a c -  
t i o n a l  Mach n u m b e r s  c o u l d  n o t  b e  s t u d i e d .  

B a s e d  on  t h e  r e s u l t s  o f  t h e  P h a s e  I1  r o u n d  r o b i n ;  i t  i s  recommended 

t h a t  t h e  f o l l o w i n g  a r e a s  be  s t u d i e d  f u r t h e r :  

1. D e t e r m i n a t i o n  o f  t h e  c r i t i c a l  s t a g n a t i o n  p r e s s u r e  a t  w h i c h  c h a r  
f a i l u r e  b e g i n s  f o r  t h e  l o w - d e n s i t y  m a t e r i a l s  

2 .  E v a l u a t i o n  o f  o t h e r  m e a n s  t h a n  t h e  u s e  o f  e n e r g y  b a l a n c e  t o  
o b t a i n  a c c u r a t e  e n t h a l p y  m e a s u r e m e n t  

3 . .  F u r t h e r  c o r r e l a t i o n  o f  a v a i l a b l e  d a t a  a n d  i n t e r p r e t a t i o n  o f  t h e  
d i m e n s i o n l e s s  c o r r e l a t i o n s  i n  t e r m s  of  f u n d a m e n t a l  m e c h a n i s m s  

4 .  E v a l u a t i o n  o f  t e c h n i q u e s  f o r  i n d e p e n d e n t l y  o b t a i n i n g  o v e r a l l  
h e a t  o f  d e c o m p o s i t i o n  f o r  m a t e r i a l s  

P e r h a p s  t h e  m o s t  i m p o r t a n t  r e c o m m e n d a t i o n  o f  a l l  i s  t h e  f o l l o w i n g  

o n e  s u g g e s t e d  b y  s u c c e s s  o f  t h e  p r e s e n t  p r o g r a m  i n  s h o w i n g  t h a t  a b l a t i o n  

r e s u l t s  f r o m  d i f f e r e n t  h y p e r t h e r m a l ,  c o n v e c t i v e  t e s t  f a c i l i t i e s  c a n  b e  

i n t e r  re1 a t  e d .  

5 .  E s t a b l i s h m e n t  o f  a r o u n d - r o b i n  p r o g r a m  t o  d e t e r m i n e  w h e t h e r  
a b l a t i o n  r e s u l t s  f rom f a c i l i t i e s  h a v i n g  c o m b i n e d  r a d i a t i v e  a n d  
c o n v e c t i v e  t e s t  d e v i c e s  c a n  b e  i n t e r r e l a t e d .  
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APPENDICES 

T h e  a p p e n d i c e s  c o n t a i n  d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  t e s t  f a c i l i t i e s  

a n d  t h e  d a t a  g a t h e r e d  a t  e a c h ,  p l u s  new c o r r e l a t i o n s  f o r  t h e  d a t a  f r o m  t h e  

P h a s e  I r o u n d - r o b i n  s t u d y .  T h e  s p e c i f i c  a p p e n d i c e s  a r e  a s  f o l l o w s :  

A p p e n d i x  A - F a c i l i t y  I n f o r m a t i o n  a n d  I n s t r u m e n t a t i o n  U s e d  
f o r  P h a s e  I1 N A S A  R o u n d - R o b i n  A b l a t i o n  T e s t s  

A p p e n d z x  B - P h a s e  I1 T u n n e l  C a l i b r a t i o n  a n d  T e s t  D a t a  

A p p e n d i x  C - Model  T e m p e r a t u r e  D a t a  

A p p e n d z x  D - Summary o f  P h a s e  I1 C o r r e l a t i o n  D a t a  

A p p e n d i x  E - D i m e n s i o n l e s s  C o r r e l a t i o n  o f  P r e v i o u s  D a t a  

T h e  f i r s t  t w o  a p p e n d i c e s  a r e  o r g a n i z e d  p r i m a r i l y  by f a c i l i t y ,  l i s t e d  

i n  t h e  f o l l o w i n g  o r d e r :  

I .  G a s  Dynamic  B r a n c h ,  Aines R e s e a r c h  Cen te r -NASA 
(GDB- Arne s 

2 .  Magne to  P l a s m a  D y n a m i c s  B r a n c h ,  A m e s  R e s e a r c h  
Cen te r -NASA (MPDB-Ames) 

3 .  A p p l i e d  M a t e r i a l s  a n d  P h y s i c s  D i v i s i o n ,  L a n g l e y  
R e s e a r c h  C e n t  e r -  N A S A  ( AMPD- L a n g  1 e y  

4.. E n t r y  S t r u c t u r e s  B r a n c h ,  L a n g l e y  R e s e a r c h  C e n t e r -  
NASA ( E S B - L a n g l e y )  

5 .  Manned S p a c e c r a f t .  Cen te r -NASA ( M S C - S u b s o n i c )  

6 .  Manned S p a c e c r a f t  Cen te r -NASA (MSC S u p e r s o n i c )  

7 .  A e r o t h e r m  C o r p o r a t i o n  ( A e r o t h e r m )  

8 .  Avco C o r p o r a t i o n  (AVCO) 

9 .  G i a n n i n i  S c i e n t i f i c  C o r p o r a t i o n  ( G i a n n i n i  ) 

1 0 .  M a r t i n  Company ( M a r t i n )  

11. S p a c e  G e n e r a l  C o r p o r a t i o n  ( S p a c e  G e n e r a l )  

1 2 .  C o r n e l l  A e r o n a u t i c a l  L a b o r a t o r y  ( C o r n e l l )  

T h e  a b b r e v i a t i o n  u s e d  t o  d e s i g n a t e  t h e  f a c i l i t y  i n  t a b l e s  a n d  g r a p h s  i s  

g i v e n  i n  t h e  p a r e n t h e s e s  f o l l o w i n g  e a c h  l i s t i n g .  

1 1 1  



. '  

The  n e x t  two  a p p e n d i c e s  a r e  o r g a n i z e d  p r i m a r i l y  by t e s t  m a t e r i a l .  

S p e c i f i  c a l  l y  t h e s e  a r e :  

a .  L a n g l e y  P h e n o l i c - N y l o n ,  S c o u t  R/4B (PLL) 

b .  Hughes  P h e n o l i c - N y l o n ,  H - 5  (PLH) 

c .  A v c o a t  5036-39 ,  HC/G (A)  

d .  M o d i f i e d  P u r p l e  B l e n d  S i l i c o n e ,  E4A1 ( S P )  

e .  G .  E. S i l i c o n e ,  ESM 1004AP (SG) 

f .  T e f l o n ,  TFE ( T )  

g .  H i g h - D e n s i t y  P h e n o l i c - N y l o n  ( P )  

The s y m b o l s  i n  t h e  p a r e n t h e s e s  a r e  t h o s e  u s e d  t o  d e s i g n a t e  t ;hese m a t e r i a l s  

and a r e  p a r t  o f  t h e  mode l  number u s e d  i n  t h e  t a b l e s .  
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A P P E N D I X  A 

FAG L I TY I NFORMAT I ON AND I NSTRUMENTAT I ON USED FOR 
PHASE I I NASA ROUND-ROBIN ABLATION T E S T S  

A p p e n d i x  A t a b u l a t e s ,  by f a c i l i t y ,  a d e s c r i p t i o n  of  e a c h  p l a s m a  a r c  

j e t  h e a t e r .  The  t a b l e s  f i r s t  d e s c r i b e  t h e  a r c  h e a t e r  and  power s u p p l y ,  

t h e n  n o z z l e  a n d  t e s t  chamber  d i m e n s i o n s ,  a s  w e l l  a s  t h e  vacuum s y s t e m  

and  i n s e r t i o n  c a p a b i l i t y .  The  s e c t i o n  o f  t h e  t a b l e  on  i n s t r u m e n t a t i o n  

d e s c r i b e s  t h e  i n s t r u m e n t s  o r  p r o c e d u r e s  u s e d  t o  m e a s u r e  t h e  p a r a m e t e r s  

i n d i c a t e d .  
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APPENDIX B 

PHASE I I TUNNEL CALIBRATION AND TEST DATA 

T h i s  a p p e n d i x  c o n t a i n s  s e p a r a t e  t a b l e s  o f  t h e  d a t a  r e p o r t e d  b y  e a c h  

p a r t i c i p a t i n g  f a c i l i t y ,  p l u s  t h e  m e a s u r e m e n t  d a t a  o n  a l l  m o d e l s  t h a t  were 

d e t e r m i n e d  a t  t h e  I n s t i t u t e .  T h e  l a t t e r  d a t a  c o n s t i t u t e  t h e  l a s t  f i v e  

c o l u m n s  o f  t h e  t a b l e s .  

T h e  c a l i b r a t i o n  r u n s  were a s s i g n e d  n u m b e r s  b y  t h e  I n s t i t u t e  so  t h a t  

t h e y  c o u l d  b e  i d e n t i f i e d  i n  t h e  t e x t .  P e r t i n e n t  r e m a r k s  a p p l i c a b l e  t o  

s p e c i f i c  c o l u m n s  o f  d a t a  a r e  i n d i c a t e d  i n  t h e  f o o t n o t e s .  
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T a b l e  B-1 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY GAS DYNAMICSBRANCH, 
AMES RESEARCH CENTER-NASA 

Ref:  L e t t e r  R e p o r t  by C. A. S y v e r t s o n ,  Ames R e s e a r c h  C e n t e r ,  December 2 ,  1966 

18 
L18 
178 
178 
80 
80 
8 1  
89 

121 
121 
177 
177 
73  
73  
87 

114 
114 
172 
8 9  
87 

120 
120 

Langle Phenolic-Nylon 
Scout &4B 

0.0106 
0.0106 
0.0182 
0.0182 
0.0108 
0.0108 
0.0109 
0.0108 
0.0102 
0.0102 
0.0185 
0.0185 
0.0105 
0.0105 
0.0109 

0.0097 
0.0097 
0.0185 
0.0106 
0.0106 
0.0098 
0.0098 

Avcoat 5026-39 

Modif ied P u r p l e  Blend 
S i l i c o n e  E4A1 

G. E. S i l i c o n e  
ESM 1004pP 

Hu h e s  Phenolic-Nylon 
H- f 

C a l i b r a t i o n  Runs 

- 
IODEL 
NO. 

- 
'LL 5 4 
'LL57 
'LL96 
'LL58 
'LL59 
ILL60 
'LL6 1 

A53 
A5 4 
A61 
A9 3 
A5 5 
A56 
A57 
A60 

9 4 8  
9 4 9  
3'96 

SP51 
SP52 
SP50 
SG35 
SG39 
SG36 
sG37 
SG38 
SG44 

PLH6 
PLH98 
PLH4S 
PLH4? 
PLH24 
PLH5C 

c1 
c2 
c 3  
c4 
c5 
C6 
c7 cs 
c9 
C1( c1 

- 

- 

- 

- 

- 

AVERAGE ENTHALPY 
h t  ( B t u / l b ) .  

( 1 )  

10,430 
10,430 
10,670 
25,700 
25,700 
15,360 
15, 360 

9 ,984  
9 ,984  

10,707 
10,449 
23,920 
23,920 
15,330 
15,330 
10,134 
10,134 
10,678 

23, 340 
23,340 
15,970 
10 ,153  
10,749 
24,O 10 
24,010 
15,510 
15,510 
10,216 
10,322 
24,970 
24,970 
15,870 
15,870 
11,254 
15,571 
18,025 
22,120 
24,023 
25,580 

8 ,194  
12,770 
16,530 
10 ,594  
25,154 

__- ( 2 )  

10, 170 
10,170 
10,670 
22,830 
22,830 
16,590 
16,590 
10,170 
10,170 
10,670 
10,750 
22,120 
22,120 
16,670 
16,670 
10,170 
10,170 
10,670 

21,850 
21,850 
16,480 
10,069 
10,670 
22,120 
22,120 
16,590 
16,590 
10,170 
10,730 
22 750 
22:750 
16 620 
16:620 
11,030 
15,400 
17,500 
20,220 
21,580 
23,490 
8 ,100  

12,690 
17,090 
10,390 
22,640 

- 

- 

- 
6,91F 
9,21C 
9,77(  

11,76(  
11,41( 
11,74(  

5 ,80(  
8 ,07 (  
9 ,72(  
6 ,34 (  

11,18( - 

( 4 )  

143 
143 
145 
2 40 
2 40 
300 
300 
147 
1 47 
140 
132 
259 
259 
3 49 
3 49 
148 
148 
133 

_. 

- 

- 

-- 

338 
152 
146 
259 
259 
358 
358 
144 
142 
27 3 
27 3 
345 
345 
143 
173 
196 
211 
225 
224 
160 
265 
35 2 
135 
263 

- 

- 

- 

- 

C a l o r i m e t e r  

F a c i l i t y  
( 5 )  ( 6 )  - 
67.6 
67.6 
68.5 
13. 5 
13. 5 
41.9 
41.9 
69.5 
69.5 
66.2 
62.4 

.22.5 
22.5 

L65. 

70. 
70. 
62 .9  

- 

L65. 

-- 

159.8 
71.9 
69. 

122.5 
122.5 
169.3 

68 .1  
67 .1  

- 

169.3 

129. 
129. 
163.1 
163.1 

67.7 
81. 5 
92.8 
99.9 

106.5 
115.5 
75.8 

125.5 
166.7 
63. S 

124. t 

- 

- 

- 
84  
84  
89 

128 
128 
190 

78 
78 
85 
86 

143 
143 
183 
18 3 
80 
80 
85 

146 
146 
196 

8 1  
86 

138 
138 
183 
183 

78 
89 

147 
147 
188 
188 

82 
103 
120 
134 
142 
148 

94 
154 
208 
84 

154 

190 

- 

- 

- 

- 

- 

MUUCL 
STAGNAT Ion 

p t  

PRESSURE 

2 

77 0.0106 
77 0.0106 
85  1 0.0109 

~ 

0.0111 

0.0105 

0.0097 

PLENUM 
'RESSURE 

1 
p t  

( a t m )  

0.235 
0.235 
0.248 
0. 300 
0.300 
0.435 
0.435 
0.234 
0.234 
0.248 
0.250 
0.314 
0.314 
0.438 
0.438 
0.234 
0.234 
0.248 

0.312 
0.312 
0 . 4 3 1  
0.231 
0.248 
0.  314 
0 .314  
0.435 
0.435 
0.234 
0.248 
0.316 
0.316 
0.436 
0.436 
0.235 
0.260 
0.275 
0.290 
0.301 
0.312 
0.326 
0.329 
0.428 
0.240 
0.309 

( 1 )  Enthalpy measured by energy  ba lance  method, average entha lpy  a t  reservoir entrance ,  1 . e  , arc  h e a t e r  e x l t .  

( 2 )  Enthalpy o f  f r e e  j e t  a t  t e s t  p o s i t i o n  by f rozen  s o n l c  f l o w  method and u s l n g  Z. 
NASA TR R-50.  Also see Column ( 7 ) .  

Enthalpy by energy b a l a n c e  method, average  entha lpy  a t  n o z z l e  e x i t .  

supported i n  shroud wi th  sapphlre  microspheres.  

Ca lor imeter  descr ibed  under ( 4 ) ,  c a l c u l a t e d  t o  1 . 2 5 - l n .  

iFAc = 1 .112  iFAC[O.75/(3.3 X 1.25) ]o '5 .  The term 1 . 1 1 2  c o r r e c t s  t h e  average 4 o v e r  s e n s l n g  area  t o  t h e  

Ca lor imeter  descr lbed  under ( 4 ) ,  

Ref.  NASA TN D2233 and 

( 3 )  
( 4 )  Awes t r a n s l e n t  c a l o r i m e t e r ,  0 . 7 5 - l n .  dlameter hemisphere c y l i n d e r ,  copper s lug  0 .3125-1n .  diameter 

( 5 )  diameter f l a t  f a c e  s t a g n a t i o n  value.  

s t a g n a t i o n  p o i n t  va lue .  
COR 

( 6 )  sprayed wl th  T e f l o n  c o a t l n g  t o  g l v e  n o n c a t a l y t l c  s u r f a c e .  
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- 
z 

(7) 

1.56 
1.56 
1.57 
2.22 
2.22 

- 

1.86 
1.86 

_.__ 

1.55 
1.55 
1.57 
1.56 
2.15 
2.15 

1.86 
1.55 
1.55 
1.57 

2. 14 
2. 14 

1.55 
1.57 
2.15 
2.15 
1.87 
1.87 
1.55 
1.56 

1.86 
- 

1.87 

2. 18 
2. 18 
1.87 
1.87 
1.62 

2.10 
2.15 
2.23 
1.45 
1.67 
1.92 
1. 56 
2.19 

- 
1.87 
1.98 

;AS FLOW 
RATE 

: l b / s e c )  

0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.00375 
0.00375 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.00 375 
0.00375 
0.0025 
0.0025 
0.0025 

0.0025 
0.0025 
0.00375 
0.0025 
0.0025 
0.0025 
0.0025 
0.00375 
0.00375 
0.0025 
0.0025 
0.0025 
0.0025 
0.00375 
0.0037: 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0037E 
0.0037: 
0.0037: 
0.0025 
0.0025 

MAXIMUM FRONT SURFACE 
TEMPERATURE 

TFS E = 1 (OF) 

F a c i l i t y  
( 8 )  

2, 850 
2,990 
3,030 
3,260 
3,150 
3,660 
3,650 
2,870 
2,860 
2,890 
2,920 
3,360 
3,550 
3,520 
3,660 
2,620 
2,680 
2,550 

2,910 
3, oao 
3,330 
2,640 
2,610 
2,990 
3,210 
3,290 
3,270 
2,890 
3,090 
3,260 
3,500 
3,470 
3,470 

- 
( 9 )  

2, 580 
2,710 
2, a10 
2,960 
3,200 
3,280 
3,510 
2,560 
2,600 
2,680 
2,650 
3,080 
3, 230 
3,270 
3,420 
2, 36c 
2,480 
2,350 

2,760 
3,070 
3, 130 
2,390 
2,390 
2,770 
2,880 
2,91C 
2,880 
2,69C 

3,02C 
3,25C 
3,20C 
3, 20( 

- 

~ 

- 
2,85c 

- 

- 
SRI 

2,559 
2,785 
2,846 
2,918 
3,226 
3,247 
3,432 
2,600 
2,590 

2,692 
3,000 
3,196 
3,226 
3,350 
2,446 
2,446 
2, 323 

2,764 
2, 826 
3,144 

- 

2,682 

2,477 
2,405 
2,785 
2, 846 
2, 891 
2,846 
2,725 
2,857 
2,945 
3,206 
3,165 
3,16E - 

- 
RUN 

TIME 
( s e c )  

19.3 
38.6 
75.4 
15.6 

11.2 

19.4 
19.4 

75.5 
15.5 

11.2 

19.5 

75.5 

15.4 
40.6 
28. 1 

75.5 
15.5 
38. 2 
1 1 . 2  

38.2 

28.2 

38.2 

38.4 

28.2 

38.4 

- 

- 

38.5 

28.3 
38.: 

38.5 

75. - 
15.6 

11.4 
11.7 - 

CORE 
WEIGHT 

LOSS 
( 9 )  

0.202 
0.349 

0.215 
0.414 
0.153 
0.335 
0.174 
0.203 
0.294 
0.445 
0.220 
0.366 
0.177 
0. 369 
0.153 
0.249 
0.375 

0.146 
0.263 
0.287 
0.147 
0.387 
0.097 
0.330 
0.187 
0.422 

0.653 
0.198 
0.414 
0.177 
0.201 

0. 587 

0.318 

CORE 
CHAR 

WEIGHT 
( 9 )  

1.076 
1.107 
1.160 
1.079 
I. 134 
I. 084 
1.150 
I .  110 
I .  118 

3.264 
I. 110 

3.120 
I .  157 
1.110 
3.145 
3.200 

3.126 

3.160 
3.345 

0.207 
0.257 
0.142 
0.184 
0.117 
0.165 

0.135 
0.071 
0.070 

1.181 

3 .  188 

3.198 

0.458 

0.081 

CORE 
3ECESSION 

( i n .  

0.023 

0.107 
0.026 
0.064 
0.019 
0.052 
0.024 

0.052 
0.101 
0.027 
0.078 
0.027 
0 .  085 

+0.023 
+O. 065 
+O. 052 

+O. 031 
+O. 038 
0.019 

+O. 007 
+o. 005 
+0.001 
0.069 
0.035 
0.118 
0.044 
0.115 
0.017 
0.056 
0.011 
0.012 

0. 058 

0.028 

CHAR 
THICKNESS 

( i n .  1 

0.065 
0.093 
0.122 
0.069 

0.074 
0.122 
0.079 

0 .121  
0.167 

0. 018 

0.087 

0.081 
0.138 
0.077 
0.120 
0.093 
0.155 
0.205 

0.102 
0.166 
0.116 
0.134 
0.199 
0.086 
0.112 
0.055 
0.060 
0.097 
0.132 
0.071 
0.120 
0.067 
0.066 

CHAR 
DENSITY 
lb /  ft3) 

14.5 
14.3 
16.3 
14. 2 
14.1 
14.1 
15.3 
17. 3 
16. a 
18. 5 
19.6 
16.9 
16.9 
19. 3 
16. 2 
14.7 
11.6 
12. 1 

15.3 

17. 1 
31.6 
28.6 
29.9 
28. 5 
32.0 

15.0 
15.5 
14. 2 
14.0 
13.2 
13. 2 

14. a 

38 .1  

t h e  preced ing  equat ion  and i s  used t o  g e t  entha lpy  under ( 2 ) .  Ref: JAhAF Inter im Thermochemical T a b l e s ,  
Dow Chemical C o . ,  Dec. 31 ,  1960. 

Instrument Development Lab, Pyro 650 record ing  pyrometer,  E = 1, TT = [ ( l / T B )  + 2 . 5 2  x lo-’ In E),]-’. 

temp e r  a t  u r e. 

(8) 
(9) SRI radiometer.  0 . 3 7 5 - i n .  aper ture ,  E 1, T = TB/E0’25. TT i s  t r u e  temperature and TB i s  b r i g h t n e s s  T 
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T a b l e  B-2 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY MAGNETO PLASMA DYNAMICS BRANCH, 

F a c i l i t y  
( 3 )  ( 4 )  

AMES RESEARCH CENTER-NASA 
Ref:  D a t a  R e p o r t e d b y  A. Okuno, MPDB, Ames R e s e a r c h  C e n t e r  

SRI 
( 5 )  (6) 

Langl et;/F&mol ic-Nylon 
s c o u t  

Avcoat 5026-39 

Modif ied Pur  l e  Blend 
Si 1 i cone E4Ay 

G .  E. S i l i c o n e  
ESM 1004AP 

Hu hes  Phenolic-Nylon 
H- f 

Tef lon  

Phenol ic-Ny 1 on 
(75 l b / f t 3 )  

C a l i b r a t i o n  Runs  

- 
MODEL 

NO. 

PLL70 
’LL69 
PLL87 
PLL7 2 
PLL7 1 
PLL89 

A7 2 
A7 1 
A84 
A7 6 
A75 

SP66 
SP6 5 
SP8 5 
SP68 
SP67 
SP8 9 
sG56 
sG5 5 
$5 1 
X 5 8  
$57 
sG5 3 

PLM6 2 
PLH6 1 
PLH97 
PLH6 5 
PLH64 

T117 
T116 
TI15 
T112 

PllA6 
P11A5 
P12B9 
P12A7 

c1 
C4 
C? 

- 

- 

- 

- 

- 

- 

AVERAGE 
ENTHALPY 

h ( B t u /  1 h )  

( 1 )  

6 ,736  
6 ,736  
6 , 7 3 6  

12,508 
12,508 
12,508 
6 ,973  
6 , 9 7 3  
6 ,973  

12,320 

12, 320 
6 , 4 5 1  
6 , 4 5 1  
6 , 4 5 1  

12 ,561  
12 ,561  
12 ,561  
6 , 9 0 3  
6 , 9 0 3  
6 , 9 0 3  

12 ,253  
12 ,253  
12 ,253  
6 , 4 4 2  
6 ~ 442 
6 ,442  

12,162 
12,162 
12,162 
6 ,177  
6 ,177  

12 ,052  
12,052 
7 , 0 2 5  
7 ,025  

11,927 
11,927 
12,214 
12,289 
6 ,919  

1 2 , ~  

- 

12,664 
12,664 
12,664 
19,638 
19,638 
19,638 
13, 109 
13,109 
13,109 
19, 342 
19,342 
19,342 
12, 128 
12,128 
12,128 
19,721 
19 ,721  
19 ,721  
12,978 
12,978 
12,978 
19,232 
19,232 
19,232 
12,111 
12 ,111  
12 ,111  
19,094 
19,094 
19,094 
11,613 
11,613 
18,922 
18,922 
13,207 
13,207 
18,725 
18,725 
19,176 
19,294 
13,007 

MODEL 
STAGNATION 
PRESSURE 

P 
t 2  

( atm) 

0.00572 
0.0057 2 
0.0057 2 

- -  

0.00582 
0.00582 
0.00582 
0.00947 
0.00947 
0.00947 

- _  

0.00847 

0.00827 
0.00827 
0.00827 

- -  

0.00787 
0.00787 
0.00787 
0.00597 
0.00597 

- -  

- -  

0.00812 
0.00812 

PLENUM 
PRESSURE 

1 p t  

( a tm)  

1.035 
1.035 
1.035 
0.986 
0.986 
0.986 
0.990 
0.990 
0.990 
0.997 
0.997 
0.997 
0.990 
0.990 
0.990 
1.014 
1 .014  
1 .014  
0 .993  
0 .993  
0 .993  
1.007 
1.007 
1.007 
1.049 
1 049 
1.049 
1.017 
1.017 
1.017 
0 .983  
0.983 
0.968 
0.968 
1.028 
1.028 
0.990 
0.990 

(11 
( 2 )  

( 3 )  

( 4 )  

En tha lpy  measured by ene rgy  b a l a n c e  method. 

En tha lpy  c a l c u l a t e d  by f a c i l i t y  from f a c i l i t y  h e a t  f l u x  da ta :  

A m e s  t r a n s i e n t  s l u g  c a l o r i m e t e r ,  1.25-111. d i a m e t e r  hemisphe re  c y l i n d e r ,  g o l d - p l a t e 3  coppe r  s l u g  
0.375-111. d i a m e t e r  s u p p o r t e d  w i t h  s a p p h i r e  mic rosphe res .  

F a c i l i t y  c a l o r i m e t e r  r e s u l t s  unde r  ( 3 )  c o r r e c t e d  by f a c l l l t y  t o  1.25-111. 

d i t i o n  w l t h  r e l a t i o n :  

SRI s a l o r i m e t e r  a s  r e c e i v e d  by f a c i l i t y .  

SRI c a l o r i m e t e r  s p r a y e d  wi th  T e f l o n  c o a t i n g  t o  g i v e  n o n c a t a l y t i c  s u r f a c e .  

F A C ( R e f d P t  )0.5 . h = 24  

f l a t  f a c e  s t a g n a t i o n  con- 

hFAC = GFAc[(0.84 X 1 .25) / (2  X 1.25)1°*5. 
COR 

( 5 )  

( 6 )  
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T E S T  
CHAMBER 

P R E S S U R E  
( a t m )  

0.00072 
0.00072 
0.00072 
0.00072 
0.00072 
0.00072 
0.00072 
0.00072 
0.00072 

POWER A I R  FLOW 

(Mw) ( I b / s e c )  
TO ARC RATE 

0.0924 0.01018 
0.0924 0.01018 
0.0924 0.01018 
0.1462 0.0079 
0.1462 0.0079 
0.1462 0.0079 
0.0958 0.01015 
0.0958 0.01015 
0.0958 0.01015 

0.00072 0.1447 0.00806 
0.00072 0.1447 0.00806 
0.00072 0.0964 0.01012 
0.00072 0.0964 0.01012 

0.000494 
0.00049 4 
0.0 00494 
0.000403 
0.000403 
0.000403 
0.000494 
0.000494 
0.000494 
0.000403 
0.000403 
0.000403 

0.000403 
0.000403 
0.000403 

6. 2 
12.0 
24.8 
12.2 
25.1 
50.2 

2,900 6 . 1  
3,100 12.0 
3,330 24.8 

12.7 
24.7 
50.5 

0.00072 
0.00072 
0.00072 
0.00072 

0.00072 
0.00072 

0.000403 12.0 
0.000403 24.8 
0.000 40 3 50.0 
0.000494 2,700 6.2 
0.000494 2,800 12.1 
0.000494 2,870 24.9 
0.000403 12.0 
0.000 40 3 24.9 
0.000 40 3 50.2 
0.000494 6.1 
0.000494 12.1 
0.000494 24.9 
0.000358 11.9 
0.000358 50.2 

0.147 0.00806 
0.147 0.00806 
0.147 0.00806 
0.0908 0.01021 

0.0908 0.01021 
0.0908 o .o in21  

0.000474 6. 1 
0.000474 24.9 

0.051 
0.070 
0.125 
0.069 
0.163 
0.170 

1 2 5  

17.8 
19.8 
16.3 
14.4 
10.8 
16.9 

CORE 
WEIGHT 
LOSS 
( 9 )  

3.144 
D. 231 
D. 400 
D. 122 
0.193 
0.321 
D. 112 
0.196 
0. 352 
0.098 
0.158 

D. 102 
0.192 
0.307 
0.115 
0.161 

0.082 
0.106 
0.187 
0.071 
0.161 
0. 352 
0.140 
0.255 
0.451 
0.107 
0.178 

0.214 
1.037 
0.169 
0.736 
0.165 
0.570 
0.127 
0.411 

- 

E 

0.278 

- 

0.303 

- 

- 

- 

CORE 
CHAR 

WEIGHT 
( 9 )  

0.063 
0.089 
0.143 
0.051 
0.078 
0.129 
0.087 
0.129 
0.207 
0.073 
0.112 
0.164 
0.080 
0.142 
0.232 
0.057 
0.111 
0.163 
0.158 
0.238 
0.392 
0.121 
0.144 
0.174 
0.049 
0.096 
0.129 
0.049 
0.067 
0.115 

0.031 
0.121 
0.021 
0.087 

__ - 
CORE 

R ECE S- 
SION 

( i n . )  

0.008 
0.019 
0.064 
0.012 
0.020 
0.038 
0.005 
0.017 
0.069 
0.004 
0.011 
0.045 

+0.018 
f0.027 
+0.018 
+O. 043 
+0.029 
0.004 

+0.005 
+0.019 
+0.005 
0.005 
0.020 
0.067 
0.008 
0.022 
0.042 
0.004 
0.010 
0.027 
0.017 
0.087 
0.013 
0.061 
0.001 
0.023 
0.001 
0.015 

0.054 14.5 
0.079 14.0 
0.117 15.2 

0.109 

0.143 

0.079 
0.093 1 1::; 
0 .121  16.7 
0.072 I 27.2 
0 .121  24.4 
0.171 I 28.4 

0.053 

0.125 
0.044 13.8 

0 .111  12.9 + 



T a b l e  B-3 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY APPLIED MATERIALS AND PHYSICS D I V I S I O N ,  

Ref:  L e t t e r  R e p o r t  by P.  F .  K o r y c i n s k i ,  L a n g l e y  R e s e a r c h  C e n t e r ,  J a n u a r y  9 ,  1967 
LANGLEY RESEARCH CENTER-NASA 

MODEL 
NO. 

Langley Phenolic-Nylon 
Scout R/4B 

TOTAL 
ENTHALPY 

ht 
(Bt u/ 1 h) 

( 1 )  

Avcoat 5026-39 

PLL3 2 
PLL93 
PLL3 3 

Modified Purp le  Blend S i l i c o n e  
E4A1 

4: 900 
4,900 
4 ,900  

G. E. S i l i c o n e  
ESM 1004AP 

SG2 1 
SG2 3 
SG2 5 
PLH26 
PLH93 
PLH28 
PL1125 
PLH27 
PLH2 9 
PLH30 
T124 
T126 

PllA2 
PllA3 
PllA4 

Hughes Phenolic-Nylon 
H-5 

4,900 
9 ,700  
9,700 
9 ,700  
4 ,900  
4 ,900  
4,900 
9 ,700  
9 ,700  
9 ,700  
9,700 
9 ,700  
9 ,700  

9,700 
9,700 
9 ,700  

Te f lon  

Phenol ic  -Ny 1 on ( 75 1 b/ f t3 ) 

PLL30 I 4.900 

PLLZ 9 9 ,700  
PLL3 1 9 ,700  
PLL3 4 9 ,700  
PLL35 9,700 

4,900 
4,900 

A34 4,900 
A2 9 9 ,700  
A33 1 9 ,700  
A3 1 9.700 

4 ,900  
4,900 

SP32 4 , 9 0 0  

SP34 
SP35 
SP33 
SG2 2 
SG49 
SG2 4 

HEAT TRANSFER RATE 
iCw (Etu/ f t2 s e c )  

C a l o r ]  

F a c i l i t y  

( 5 )  
940 

t e r  

SRI 

267 
261 
256 
271 
460 
5 92 

1 ,150  
1 , 0 8 0  

260 
280 
269 
479 
541 
531 
541 

1 , 0 9 0  
260 
271 
275 
481 
539 

I ,  065 

259 
263 
249 
478 
551 

1 , 1 1 0  
260 
250 
293 
492 
6 07 

1 , 1 3 4  
1 , 1 4 5  

516 
1 , 0 5 5  

_ _  
_ _  

524 

996 
- -  

1 , 1 2 0  

MODEL 
STAGNATION 
PRESSURE 
P 
t 2  

( a t m )  

0.284 
0.284 
0.284 
0.284 
0.293 
0.293 
0.735 
0.735 
0.284 
0.284 
0.284 

0.735 
0.284 
0.284 
0.284 
0.293 
0.293 
0.735 
0.735 
0.735 
0.284 
0.284 
0.284 
0.293 
0.293 
0.735 
0.284 
0.284 
0.284 
0.293 
0.293 
0.735 
0.735 
0.293 
0.735 

0-293 
0.735 
0.735 

( 1 )  Enthalpy calculated by facility from &,I and Pt using Fay-Riddell relation. 
2 

(2) Model f r o n t  surface temperature measured with facility photographic pyrometer. Ref: NASA TN D-2660. 
(3) SRI radiometer located outside tunnel; viewed model through 1 in. thick glass window; radiation from 

model redirected inside tunnel with mirror, 30° to mirror surface. Data not corrected for window or 
mirror losses. 
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MAXIMUM FRONT SURFACE 
TEMPERATURE 

TFS E = 1 (OF) 

CORE 
RECESSION 

(in. ) 

2,930 $ibi 1 1 2 ,950  
2 ,900  

3 ,960  2 ,915  

CHAH 
THICKNESS 

(in. 1 

0.042 
0.126 
0.137 
0.381 

4,070 3 ,075  
4,140 2 ,910  
3 ,940  
3,980 2 ,580  
4,170 2 ,970  

2 , 6 6 0  
3 ,830  2 ,570  
3,740 2,540 

0.091 
0.111 
0.099 
0.097 

_ _  2,600 
3,720 I I 2,580 

5,170 
5 ,230  

3,920 
3 ,900  

_ _  
4 ,600  
4,500 

4,680 
3,580 
3,600 _ _  

_ -  

- _  

3 ,940  2 ,800  
3 ,960  2 ,940  

3 ,540  
4,245 

1 , 8 4 5  
2 , 8 4 0  
3 ,520  
3,455 
3 ,430  

3 ,400  
2 ,560  
2 ,505  
2 ,510  

2,  a80 

_ _  

4,730 3 ,590  
4 ,680  I I 3 ,610  

0.032 
0.168 
0.108 
0..260 
0.201 
0.180 

0.040 
0.039 
0.135 

0.103 
0.147 
0.098 
0.094 

0.099 
0.098 
0.109 

-- _ _  I I :T 
5 ,320  
5 ,120  

4 ,330  
3 ,980  

I I 

4,530 
5,050 
5,280 

- 
RUN 
TIME 
[sec) 

- 
14  
30 
30 
60 
11 
30 
1 0  
20 
14  
20 
30 
11 
20 
30 
30 

5 
14  
30 
60 
11 
30 

5 
5 

10  
14  
30 
40 
11 
20 

5 
14  
30 
60 
11 
30 
1 0  
20 
21 
10  

- 

- 

- 

- 

- 

3 ,350  
4 ,030  
4,180 

21 
10  
20 

- 

CORE 
WEIGHT 
LOSS 
(P) 

0.288 
0.592 
0. 5 1 0 ( 4 )  
1 .287 
0.280 
0.835 
0.484 
1 , 0 2 1  
0.350 
0.510 
0.823 
0.417 
0.822 
1 .243  
1.542 
0.566 
0.212 
0.548 
1.012 
0.  $24 
1 .386  
0.870 
0.727 
1.228 
0.205 
0.830 
1.168 
0.726 
1.588 
0.760 

:: [ 4 )  
1.308 
0.301 
0.813 
0.496 
0.970 
2.460 
2.165 

0.750 
0.701 
1.298 

(4 )  Mass loss estimated from linear recession data. 

CORE 
CHAR 
WEIGHT 
(P) 

0.115 
0.131 
0.115 
0.115 
0.141 
0.164 
0.127 
0.103 
0.112 
0.085 
0.105 
0.075 
0.077 
0.087 
0.055 
0.028 
0.151 
0.150 
0.135 
0.056 
0.032 
0.005 
0.011 
0.008 
0.278 
0.154 
0.159 
0.066 
0.053 
0.033 
0.103 
0.139 
0.114 
0.139 
0.183 
0.127 
0.116 

0.267 
0.238 
0.280 

0.111 0.098 
0.300 0.080 
0.089 0.077 
0.177 0.061 + 0.276 0.062 
0.106 0.059 
0.281 0.049 
0.377 0.070 
0.453 0.062 

+ 0.004 0.097 
0.070 0.117 
0.214 0.097 
0.082 0.049 
0.412 0.022 
0.253 0.004 
0,190 0.022 

0.032 0.081 
0-201 0.070 
0.309 0.037 
0.181 0.018 
0 - 448 0.013 

0.036 0.085 
0.119 0.115 
0.355 0.101 

CHAR 
DENSITY 
( 1t , / f t3)  

15 .7  
14..6 
14 .4  
14.7 
17 .0  
13.5 
16.1 
16 .0  
18.1 
17.3 
21.0 
15.8 
19.5 
15 .4  
11 .0  

19.3 
16.0 
1 7 . 3  
14 .2  
18.1 
1 5 . 5  

42.6 
27.3 
53.3 
45.5 
50.6 
41.0 
15 .0  

14 .0  
16.7 
15.4 
1 6 . 1  
15 .3  

33.5 
30.2 
31.8 

( 5 )  Facility thin wall transient flat face calorimeter, 1 in. total diameter. instrumented with 
multiple thermocouples. Corrected to 1.25 in. flat face wlth relation i,.,, = (l.0/1.25)o-5 gFAc. 

FF meas 
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T a b l e  B-3 ( C o n t i n u e d )  

TUNNEL CALIBRATION AND TEST DATA FOR VARIOUS DIAhlETER VODE1.5 _ _ _  

RESEARCH LENTER- 
MATERIALS AND PH DI V I SIOk , 

R e f :  D a t a  s h e e t s  o n  AMPD r u n 5  1108 t o  1138 

CALOR IIIETER 

HEAT TRAhSFER RATE ( B t u / f t P s e c , ( * ’  

%\l 

1 2 8  



I .  

CORE 
WEIGHT 

LOSS 
( g )  

HEAT TRANSFER RUN 
RATE I TIME 

( s e c )  

CORE 
CHAR 

WEIGHT 
( g  1 'rcw 

( B t u / f  t'sec 

( 3 )  ( 4 )  

116 
130 
137 
130 

91.6 
93.2 
70 
78 

120 
147 
124 
129 

90.5 
88.6 

78.5 
129 

236 
264 

244 
298 

49 
49 
97 
97 

140 
140 - 57 

63 
49 
49 
97 
97 

140 
140 
168 
180 

1.461 
1.510 
2.764 
2.846 

10.667 
11.378 
19.422 
33.739 
0.491 
0.535 
0.799 
0.908 
3.377 
3.175 

13.939 

CORE 
DIAMETER 

( i n . )  

0 . 5  
0 . 5  
0.625 
0.625 
1.25 
1.25 
2.5 
2.5 
0.5 
0.5 
0.625 
0.625 
1.25 
1.25 
2.5 
2 . 5  

0.106 
0.119 
0.227 
0.227 
1.037 
1.032 

5.209 

( 1 )  En tha lpy  c a l c u l a t e d  from measured h e a t i n g  r a t e s  and p r e s s u r e s .  

CORE 
RECESS! ON 

( i n . ,  

0.207 
0.217 
0.242 
0.247 
0.236 
0.247 
0.100 
0.184 
0.154 
0.162 
0.118 
0.160 
0.110 
0.104 

0.100 

CHAR 
THICKNES: 

( i n .  1 

0.171 
0.168 
0.207 
0.197 
0.223 
0.225 

0.270 

- 
CHAR 

DENSITY 
l b / f t 3 )  

_cL_ 

( 5 )  
( 6 )  

12.1(7)  
13.7 
13.6 
14.3 
14.4 
1 4 . 2 ( 8 )  

( 9 )  
14.9 

( 2 )  A l l  f l a t - f a c e d  models  had p e r i p h e r a l  s h o u l d e r  r a d i u s  e q u a l  t o  o n e - t e n t h  model r a d i u s .  

( 3 )  A l l  h e a t i n g  r a t e s  measured w i t h  SRI 1 . 2 5 - i n .  c a l o r i m e t e r s .  A sh roud  was added t o  t h e  SRI c a l o r i m e t e r  
t o  e q u a l  t h e  2 . 5 - i n .  and 4 . 0 - i n . - d i a m e t e r  models .  

( 4 )  H e a t i n g  r a t e  c a l c u l a t e d  from ( 3 )  w i t h  t h e  r e l a t i o n  "Icw = qmeas ( 3 . 3  x 1 25/1.0)0.5 
( 5 )  Tunnel  u n s t a r t e d  a f t e r - 5 5  s e c ,  p r e s s u r e  and h e a t i n g  r a t e  i n c r e a s e d .  

( 6 )  Tunnel  u n s t a r t e d  a f t e r  60 sec. 

(7) C a l o r i m e t e r  may be i n  e r r o r  

( 8 )  E l e c t r o d e  bu rn  out-model was w e t .  

(9) Tunnel  u n s t a r t e d  when model e n t e r e d  s t ream- model d e s t r o y e d .  
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T a b l e  8-4  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY ENTRY STRUCTURES BRANCH, 
5Mw FACILITY , LANGLEY RESEARCH CENTER-NASA 

R e f :  L e t t e r  R e p o r t  by P. F .  K o r y c i n s k i ,  Langley R e s e a r c h  C e n t e r ,  December 23 ,  1966 

(1 )  ( 2 )  

3160 3250 
2970 3250 

3050 3250 
3100 3250 

3100 3250 
3090 3250 

Langley Phenol ic-  Ny lon  

Scout  R/4B 

S R I  CALORIMETER t 2  ( a t m )  
( a t m )  

( 3 )  ( 4 )  

203 0.281 1.389 
203 0.281 1.389 

203 0.278 1.376 
2 03 0.279 1.381 

2 03 0.280 1.385 
203 0.281 1.392 

Avcoat 5026-39 

Modified Purple  Blend 
S i l i c o n e  E4A1 

G.E. S i l i c o n e  
ESM 1004AP 

Hughes Phenolic-Nylon 
H- 5 

MODEL 
NO. 

PLL 54 
PLL 5 2 

A7 
A48 

SP4 5 
SP46 

SG34 
SG3 3 

PIH41 
PLH4 0 

I I I 

TOTAL 1 HEAT 7&.4.SF&R MOD EL CHAMBER 
ENTHALPY STAGNATION PRESSURE 

h t  ( B t u / l b )  4, ( B t u / f t 2 s e c )  1 PRE:SURE I 'tl 

0.281 1.389 
0.281 1.389 

3070 3250 0.281 1.389 
3140 3250 0.281 1.389 

(1) 
( 2 )  

Entha lpy  measured by e n e r g y  ba lance  method. 

En tha lpy  c a l c u l a t e d  from p r e s s u r e  and h e a t  t r a n s f e r  t o  1 .5 - in .  d i a m e t e r  h e m i s p h e r i c a l  f a c i l i t y  
c a l o r i m e t e r .  and from t h e o r y  of  Fay and R i d d e l l .  
s t a n d a r d  and is  p r e f e r r e d  by t h e  E n t r y  S t r u c t u r e s  Branch.  

Th i s  method of c a l c u l a t l n g  e n t h a l p y  1s c o n s i d e r e d  

( 3 )  Heat  t r a n s f e r  t o  SRI c a l o r i m e t e r  d e t e r m i n e d  d u r i n g  s e p a r a t e  run .  

( 4 )  Model s t a g n a t i o n  p r e s s u r e  c a l c u l a t e d  from chamber p r e s s u r e  Pt /P = 0.202. 
2 t l  
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. .  
U 

GAS FLOW POWER RUN CORE CORE CORE CHAR 

( I b / s e c )  (Mw ) ( s e c  1 LOS s 
RATE TO ARC T I M E  WEIGHT CHAR R E C E S S I O N  T H I C K N E S S  

WEIGHT ( i n .  1 ( i n .  1 
( g )  (8 ) 

0.2 2.15 15.3 0.202 0.076 0.023 0.065 
0.2 2.13 30.4 0.578 0.131 0.131 0.108 

0.2 2.14 15 .3  0.357 0.104 0.102 0.075 
0.2 2.15 30.4 0.710 0.103 0.243 0.067 

0.2 2.15 1 5 . 3  0.162 0.190 +0.020 0.106 
0.2 2.13 30.4 0.282 0.276 0.006 0.147 

0.2 2.15 15.3 0.149 0.275 0.009 0.101 
0.2 2.12 30.4 0.310 0.300 0.018 0.151 

0.2 2.15 15.3 0.318 0.116 0.037 0.098 
0.2 2.14 30.4 0.604 0.109 0.125 0.108 

CHAR 
D E N S I T Y  
( 1 b / f t 3 )  

14.5 
15.0 

17.2 
19.0 

22.2 
23.2 

33.7 
24.6 

14.6 
13.1 
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T a b l e  8-5 

CALIBRATION AND TEST DATA REPORTED BY MANNED SPACECRAFT CENTER, 
SUBSONIC FACILITY-NASA 

Ref: MSC L e t t e r  R e p o r t  ES5/10-17/81L,  O c t o b e r  1 9 ,  1966 

MODEL 
STAGNATION 

PRESSURE 

p t 2  
( a t m )  

Langley Pheno 1 i c  -Ny lor  
Scout  R/4B 

GAS FLOW 
RATE 

( l b / s e c )  

Avcoat 5026 -39 

1 . 0  
1 . 0  
1 . 0  
1.0 
1 . 0  
1 . 0  
1 . 0  
1 .0  

1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  

Modif ied Purp le  Blend 
S i l i c o n e  E4Al 

0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 

0.04 
0 .04  
0.04 
0 .04  
0.04 
0.04 
0.04 

G. E .  S i l i c o n e  
ESM 1004AP 

1 . 0  
1.0 
1.0 
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 .0  
1 . 0  
1 . 0  

Hughes Phenol ic-Nylon 
H- 5 

0.04 
0.04 
0.04 
0.04 
0.04 
0 .04  
0.04 
0.04 
0 .04  
0 .04  
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 

C a l i b r a t i o n  Runs  

- 
IODEL 
NO. 

- 
P L L ~ ~  
PLL39 
PLL40 
PLL41 
PLL36 
PLL37 
PLL95 
PLL42 

A38 
A39 
A40 
A4 1 
A36 
A37 
A91 
A42 
A92 

SP1.2 
SP3 9 
SP40 
SP41 
SP36 
SP37 
SP95 

SG2 a 
SG2 9 
SG3 0 
SG2 6 
SG27 
SG50 

PLH32 
PLH3 3 
PLH3 4 
PLH3 5 
PLH3l 
PLH36 

c1 
c2  
c 3  
c 4  
c 5  
C6 
c7 ca 
c 9  
c10 

- 

sp3a - 

- 

- 

TOTAL 
NTHALPI 

B t u / l b  
h t 

( 1 )  

8223 

9975 

4500 
4622 

5475 

a280 

a930 

3aaa 

a440 
a i  98 
9078 
948 3 
4822 

4853 

a440 
8218 

4375 
4275 

4950 

9595 
97 92 
4400 
4445 
4113 
4850 
a050 
9300 
9050 
4674 
4625 
4609 
a i 3 0  
a040 
9250 
9300 
4493 
4980 
a640 
6838 
5205 
3565 
4050 
5300 

4100 
5350 

a700 

a6 50 

HEAT TRANSFER 
RATE 

qcw 

( B L ~ /  f t2sec  1 

404 
401 
590 
600 
100 
100 
101 
2 05 

406 
399 
590 
5 90 
106 
103 
104 
210 
2 07 
405 
3 96 
600 
590 
104 
104 
105 
205 
400 
613 
5 99 
105 
105 
106 
410 
406 
590 

101 
205 
396 
314 
251 

93 
94 

276 
400 

276 

6 oa 

1 oa 
3 9a 

(1) 
( 2 )  F a c i l i t y  Hy-Cal asymptotic  c a l o r i m e t e r .  

( 3 )  Measured w i t h  an o p t i c a l  pyrometer. 

Enthalpy measured by heat  ba lance  method. 
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e r  
SRI 
- 
- 

- 

- 

- 

- 

- 
3aa 
2 97 
226 
101 
LO3 
251 
366 
100 
261 
360 - 

11 STANCE 
NOZZLE 

EXIT TO 
MODEL 
FACE 

( i n .  ) 

2.0 
2.0 
1 . 5  
1 .5  
2 .0  
2 .0 
2.0 
2 .0  

2 . 0  
2 .0  
1 ..5 
1 . 5  
2 . 0  
2 . 0  
2.0 
2 .0  
2 . 0  
2 . 0  
2.0 
1 . 5  
1 . 5  
2 .0  
2 . 0  
2 . 0  
2 .0  
2 . 0  
1 . 5  
1 . 5  
2 . 0  
2.0 
2 . 0  
2 .0  
2 . 0  
1 . 5  
1 . 5  
2.0 
2 .0  
2.0 
2.0 
2 . 0  
2 . 0  
2.0 
2.0 
2 . 0  
2 . 0  
2.0 
2 .0  

1 . 0  0 .04  
1 . 0  I 0 .04  

1 . 0  0.04 

'a 



POWER 
TO ARC 
B t u / s e c )  

687.5 
688.0 
744.1 
767.5 
330.0 
332.4 
327.4 
373.1 

671.3 
647.4 
752.4 
768.2 
314.1 
315.5 
320. 
385.5 
385.0 
690.6 
685.8 
764.6 
752.4 
316.0 
315.9 
315.1 
384.0 
658.6 
765.0 
740.0 
319.5 
320.0 
318.4 
662.2 
665.2 
765.0 
765.0 
326.3 
384.7 

MAXIMUM FRONT 
SURFACE 

TEMPERATURE 

T F S  

'ac i 1 i t y  
( 3 )  

4330 
4155 
4420 
3000 
2935 
3050 
3105 

4175 
4005 
3085 
3105 
3105 
3295 
3430 

3790 
3850 
3105 
3105 
3160 
3260 
3320 
3140 
3390 
3000 
3105 
3105 

4030 
4135 
2980 
3295 

S R I  
- 
4350 
4450 
4280 
4330 

2750 
2980 
3250 

4210 
4310 
4100 
4040 
3300 
3280 
3400 
3160 
3240 
4200 
4150 
3940 
3820 
3320 
3300 
3400 
3220 
3480 
3210 
3070 
3240 
3350 
3300 
4300 
4420 

4330 
2800 
3200 

- 

- 

- 

- 

- 

- 
ilUN 
'IME 
sec 1 

8.0  
20.4 
10.7 
20.5 
15.5 
30.5 
50.8 
31.0 

8.6 
l o .  1. 
10.7 
20.3 
16.7 
30.4 
60.4 
30.2 
60.5 

7.8 
20.5 
11.5 
20.1 
15.5 
30.6 
60.1 
30.4 
20.5 
10.5 
20.4 
20.6 
50. s 
60.8 

9. c 
20.3 
10.6 
20.4 
20.: 
30.8 

- 

~ 

- 

- 

- 

- 
CORE 

YEZGHT 
LOSS 
( g )  

- 
0.226 
0.479 
0.325 
0.557 
0.191 
0.374 
0.762 
0.453 

0.269 
0.572 
0.394 
0.656 
0.201 
0.382 
0.913 
0.519 
1.169 
0.267 
0.572 
0.489 
0.783 
0.190 
0.424 
1.078 
0.575 
1,213 
0.931 
1.752 
0.182 
0.732 
1 .21c  
0.245 
0.485 
0.343 
0.574 
0.267 
0.516 

- 

- 

- 

- 

- 
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CORE 
CHAR 

YEIGHT 
( P )  

0.155 
0.260 
0.196 
0.260 
0.165 
0.238 
0.373 
0.262 

0.142 
0.186 
0.133 
0.. 147 
0.237 
0.333 
0.975 
0.255 
0.243 
0.154 
0.286 
0.152 
0.314 
0.271 
0.394 
0.528 
0.273 
0.183 
0.127 
0.159 
0.419 
0.810 
0.626 
0.159 
0.265 
0.199 
0.282 
0.169 
0.280 

- 

- 

- 

- 

CORE 

( i n . )  
{CESSION 

3.017 
3.065 
3.043 
3.081 
3.008 
0.034 
2.070 
0.063 

0.051 
0.146 
0.108 
0.202 
0.023 
0.051 
0.137 
0.121 
0.378 
0.004 
0.101 
0.111 
0.218 
0.037 
0.035 
0.038 
0.005 
0.355 
0.273 
0.521 
0.005 
0.085 
0.225 
0.023 
0.072 
0.045 
0.094 
0.016 
0.069 

CHAR 
'HICKNESS 

( i n .  1 

0.109 
0.175 
0.132 
0.181 
0.114 
0.160 
0.267 
0.185 

0.097 
0.114 
0.096 
0.100 
0.145 
0.212 
0.276 
0.164 
0.150 
0.099 
0.110 
0.071 
0.086 

0.228 
0.320 
0.205 
0.043 
0.026 
0.036 
0.168 
0.234 
0.204 
0.113 
0.171 
0.137 
0.189 
0.117 
0.178 

n. 1 5 7  

CHAR 
DENSITY 
1 b / f t 3 )  

1 7 . 6  
18.4 
18 .0  
17 .8  
17 .9  
18 .4  
1 7 . 3  
11 .4  

18.2 
20.2 
17.2 
1 8 . 2  
20.3 
19 .5  
22.8 
19.3 
20.1 
1 9 . 3  
32.2 
26.5 
45.3 
22.0 
21.4 
20.5 
16.5 
52.8 
60.6 
54.8 
30.9 
42.9 
38.1 
17.4 
19.2 
18 .0  
18 .5  
17.9 
19.5 



T a b l e  B-6 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY MANNED SPACECRAFT CENTER, 
SUPERSONIC FACI LITY-NASA 

( 1 )  

11,500 

R e f :  MSC L - e t t e r  

( 3 ) ( 4 )  ( 2 )  

436 0 625 

F a c i l i t y  SRI 

PLL66 Scou t  W4B 24,500 
34,000 
11 ,500  
25,466 

PLL67 
Avcoat 5026-39 I A62 

aoo 0.700 
988 0,976 
431 0.625 
780 0.710 

S i l i c o n e  E4A1 

34,000 954 I 0.976 
11,500 

I T131 

426 I I 0.625 

PllB2 

24, 500 
34,000 
11 ,500  
11,500 
23,500 
34,150 
11,500 
24,600 
34,150 
11 ,500  
11 ,500  
24,500 
14 500 

p o r t  ES5/2-27/35L , March 1,  1967  

( B t u /  l b )  PRESSURE 
( a t m )  

( B t u / f  t'ser. ) 
C a l o r i m e t e r  

7 94 0.704 
958 0.976 
436 0.625 
433 0.625 
780 0.682 
954 0.976 
431 0.625 
7 97 

1000 0.976 
438 0.625 
433 0 625 
780 0.678 
928 0.976 

_ _  

G. E. S i l i c o n e  
ESMl004AP 

SP6 1 
SG59 
SG60 

Tef lon  
PLH56 

T129 
T130 

11,500 
11 ,500  
26,500 
34,300 
11 ,000  
22,500 824 

43 1 0.625 
433 0 625 

( 1 )  
( 2 )  F a c i l i t y  Hy-cal  E n g l n e e r i n g  a s y m p t o t i c  f l a t - f a c e  calorimeter, 0 . 0 6 0 - i n .  s e n s i n g  d i a m e t e r ,  

1 . 2 5 - i n .  t o t a l  d i a m e t e r .  

( 3 )  Models  r u n  a t  h = 11,000 had model s t a g n a t i o n  p r e s s u r e s  r ang ing  from 0.011 t o  0 0125 atm. 
a t  h = 2 5 , 0 0 0 ,  P t  = 0.0163 t o  0 .0178 atm,  a t  h = 34 ,000 ,  P t  = 0.0192 atm. \lode1 s t a g -  

2 2 
n a t i o n  p r e s s u r e s  were measured w l t b  a Grey-Rad e n t h a l p y  probe.  

Nozz le  e x i t  p r e s s u r e s  ranged from 0.00065 t o  0 .0012 atm f o r  t h e  above t e s t s  and chamber 
test s e c t i o n  p r e s s u r e s  were c o n t r o l l e d  w i t h i n  t h e  same range o f  v a l u e s .  

E n t h a l p y  measured by ene rgy  b a l a n c e  method. 

(4) 
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GAS FLOW 
RATE 

(Ib/sec) 

0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 
0.013 

RUN 
TIME 
(sec) 

MODEL FRONT 
SURFACE 

TEMPERATURE 
TFS c =  1 

(OF) 
Faci 11 ty 

( 5 )  

CORE CORE CORE 

LOSS (in.) 

( g )  ( 6 )  

WEIGHT CHAR RECESSION 

3890 
3950 
3810 
3880 

_ _  

30.0 
20.4 
31 .0  
30.0 
30.0 
20.0 
30.0 
30.0 

3880 
3525 

0.719 0.061 0.187 
0.546 0.085 0.102 
0.819 0.093 0.252 
0.830 0.098 0.251 
1.259 0.076 0.408 
1.042 0.097 0.329 
0.448 0.240 0.044 
0.581 0.344 0.055 

3900 
3890 
297 5 
3160 
3380 
3575 
3870 
3805 
3840 

_ _  
- _  

0.036 
0.034 
0.171 
0.232 
0.151 

0.102 
0.100 
0.148 
0.081 

2975 
2920 
2950 
3840 

26.2 
35.,4 
17 .4  
18 .4  
17.0 

25.7 
25.4 
33.2 
24 .9  

20.0 
30.0 
29.5 

0.256 0.039 
0.346 0.051 
0.351 0.047 
0.229 0.073 ! 0.254 0.110 

0.409 0.207 0.027 
1.724 0.151 
1.409 0.123 

20.0 I 0.430 10 .208  I 0.068 
30 .5  I 0.462 10 .141  I 0.029 

30.0 
20.0 
31.0 
29.5 
30.0 
2 0 . 2  

1 .903 0.168 
1.528 0.136 
0.656 0.211 0.021 
0.626 0.205 0.018 
0.818 0.396 0.030 
0.522 0.163 0.006 

( 5 )  Facility optical pyrometer, 0.65 microns. 
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0.184 
0.243 
0.246 
0.169 
0.200 15 .8  
0.171 15.1 
0.131 
0.063 15..9 
0.082 12 .9  
0.041 28 .1  
0.044 27.6 



T a b l e  8 - 7  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY AEROTHERM CORPORATION 

Ref :  Aero the rm R e p o r t  No. 6 6 - 6  

( 3 )  

4,146 
5 ,583  

10 ,783  
11,304 
46,535 
44,625 

5 ,644  
4,608 
5,644 

11 ,304  
11,530 
45,224 
45,007 

5 469 
10 ,783  

5,469 
11 ,530  
10 ,111  
45,751 
46,197 

4,839 
4,839 

10 ,111  
9,915 

43,684 
46,951 

4,125 
4,12E 
9,915 

46,67t 
46,80f 

5,711 
6,08r 

10,32(  
10,791 

5 , 5 a 3  ,ang 1 ey Phenol ic  -Ny lon 
Scout R/4B 

8 0 . 3  
8 0 . 3  

4vcoat 5026-39 

958.0 0.0426 
69.1 0.0202 
69.1 0.0202 

Modified Purp le  Blend 
S i l i c o n e  E4A1 

83 .2  
8 5 . 4  

230.0 
236.0 

1 , 0 3 3 . 0  
1 ,094 .0  

86.2 

( 7 )  
6 2 . 8  
59.1 

G. E .  S i l i c o n e  
ESM 1004AP 

960.0 0.0419 
974.0 0.0429 

80 .1  0.0195 
84 .5  0.0191 

178 .0  
185.0 
837.0 
876.0 

72 .3  
70 .1  
( 7 )  
51.0 
52.8 

Hughes Phenolic-Nylon 
H- 5 

C a l i b r a t i o n  Runs 

- 
MODEL 

NO. 

~ 

'LL43 
'LL46 
ILL97 
'1.1.45 

ILL15 

A7 4 
A44 
A98 
A58 
A5 9 
A 1  5 
A17 

SP56 
SP53 
SP97 
SP55 
SP57 
SP15 
SP18 
SG41 
SG42 
SG14 
SG4 3 
SG12 
SG15 

'LH44 
PLH45 
PLH46 
PLH48 
PLHl6 
PLHl7 

c1 
c2 
c 3  
c4 
c5 
C6 
c7 

 ILL^ 

'LL18 

- 

- 

- 

- 

TOTAL ENTHALPY 

( B t u /  I b )  
h t  

( 1 )  

4 ,085  
4 ,748  
7 ,612  
7 ,612  

21,206 
21,598 
4 ,183  
4 ,085  
4 , 7 8 3  
7 ,227  
7 ,227  

21,973 
21,925 

4 ,566  
4,242 
4,566 

7 ,158  
21,871 
21,65C 

4,15E 
4,158 
7,6117 
7,667 

21,412 
21,72 '  

4,32f 
4 ,32t  
8 ,13:  
8 ,13:  

21,44:  
21,16I 

4 , 9 c  
4 ,27 '  
a ,o ic  
7 , 1 3  

2 1 , 2 5  
21 ,39  

- 
4,74a 

- 

- 

7 , 1 5 8  

- 

- 

- 

4,511 
C8 I 4 , 5 0  

C9 I 4 , 6 2  
c10 4 , 7 9  

( 2 )  

- 

- 
4,50(  
4 ,50(  
9,601 
9,601 

32,801 
29,501 

- 

HEAT TRANSFER 
RATE 

qcw 
( B t u /  f t 2  s e c )  

C a l o r i m e t e r  -1 
MODEL 

STAGNATION 
PRESSURE 

P 
t 2  

( a t m )  

92.1 80 .1  0.0204 
0.0190 "9:; 1 :'o:;" 1 0.0204 

8 3 . 2  0.0200 
263.0 200.0 0.0298 
263.0 200.0 0.0298 

1952.0 I 0.0429 

87 .2  0.0197 
264.0 1172.0 I 0.0298 
264.0 172.0 0.0298 

0.0294 
0.0291 
0.0409 
0.0404 
0.0196 
0.0196 

0.0189 
0.0196 

PLENUM 
RESSURE 

p t l  
( a t m )  

0.0693 
0.0704 
0.0693 
0.1034 
0.1034 
0.3547 
0.3547 
0.0682 
0.0704 
0.0682 
0.1034 
0.1034 
0.3536 

0.0704 
0,0716 
0.0704 
0 1046 
0.1046 
0.3570 
0.3536 
0.0682 
0.0682 
0.1046 
0.1046 
0.3536 
0.3536 
0.0716 
0.0716 
0.1046 
0.1046 
0.3524 
0.3536 
0.0659 
0.0693 
0.1023 
0.1023 
0.3490 
0.3331 

0.3558 

( I )  En tha lpy  measured by e n e r g y  b a l a n c e  method. 

( 2 )  E n t h a l p y  c a l c u l a t e d  by Aerotherm C o r p o r a t l o n  u s l n g  s o n i c  f low t e c h n l q u e  

( 3 )  E n t h a l p y  c a l c u l a t e d  by Aerotherm C o r p o r a t l o n  u s i n g  h e a t  flux method: h = 2 4  $cw [ P  t2 / R , f f ) 0 ' 5 .  
SRI 

( 4 )  Aerotherm c a l o r l m e t e r  "Gardon" t y p e ,  
Cons tan tan ,  sh roud  d i a m e t e r ,  1.5-111. f l a t  f a c e .  Va lues  c o r r e c t e d  t o  1.25-111. d i a m e t e r  f l a t  f ace :  

'1 25 in .  = 1.095 ¶1.5 i n .  

s t e a d y  s t a t e ,  Hy-Cal E n g l n e e r l n g ;  s e n s i n g  a r e a  0 . 2 0 - i n .  

136 



NOZZLE 
EXIT 

'RESSURE 
'e 

( a t m )  

0.0016 
0.0014 
0.0016 
0.0021 
0.0021 
0.0027 
0.0027 
0.0014 
0.0014 
0.0014 
0.0021 
0.0021 
0.0027 
0.0027 
0.0014 
0,0014 
0.0014 
0.0021 
0.0021 
0.0027 
0.0027 
0.0014 
0.0014 
0.0021 
0.0021 
0.0027 
0.0027 
0.0014 
0.0014 
0.0021 
0.0021 
0.0027 
0.0027 
0.0014 
0.0014 
0.0021 
0.0021 
0.0027 
0.0027 

GAS 
FLOW 
RATE 

: l b / s e c  

0.0042 
0.0042 
0.0042 
0.0048 
0.0048 
0.0084 
0.0084 
0.0042 
0.0042 
0.0042 
0.0048 
0.0048 
0.0084 
0.0084 
0.0042 
0.0042 
0.0042 
0.0048 
0.0048 
0.0084 
0.0084 
0.0042 
0.0042 
0.0048 
0-0048 
0.0084 
0.0084 
0.0042 
0.0042 
0.0048 
0.0048 
0.0084 
0.0084 
0.0042 
0.0042 
0.0048 
0. 0048 
0.0084 
0.0084 

MAXIMUM FRONT 
SURFACE 

TEMPERATURE 
TFS 

F a c i l i  t .  
( 5 )  

3,050 
3,010 
3,210 

3,840 
4,460 
5,090 
2,930 
2,950 
3 ,190  
3,720 
3,800 
4,820 
5,240 

2,600 

3,200 
3 ,470  
4,140 
4,310 
2,570 
2 ,610  
3,220 
3,200 
3,590 

2,950 
3,250 
3,640 
3,800 
3,840 
4,920 

€ = I  
(OF) 

- 
SRI 
(6) 

2,450 
2,380 
2 ,520  
3,100 
3 ,100  
4 ,160  
4,620 
2 ,380  
2 ,510  
2,490 
3 , 0 9 0  
2,900 
4,340 
4,540 
2 ,350  
2 ,280  
2,280 
2 , 8 4 0  
2 , 8 4 0  
3 ,720  
3 ,720  
2 , 3 2 0  
2 ,300  
2 ,740  
2 ,640  
3 ,170  
3 ,140  
2 ,460  
2,470 
3 ,090  
2 ,710  
4,040 
4,570 

- 

- 

- 

- 

- 

- 

RUN 
rIME 
[set) 

- 
25.4 
60.5 

100.8 
12.4 
45.3 

5.2 
1 3 . 3  
25.3 
53.7 
99.8 
1 1 . 9  
45.1 

5 . 0  
1 3 . 4  
24.6 
60.4 

100.0 
12.4 
45.3 

5 .3  
13.0 
25 .0  
99.7 
12.5 
45.4 

5.2 
13 .1  
24.8 
99.7 
12 .4  
45.0 

5 .2  
1 3 . 5  

- 

- 

~ 

- 

- 

- 

~ 

CORE 
IEIGHT 
LOSS 

( g )  

0.254 
0.542 
0.778 
0.240 
0.607 
0.164 
0.290 
0.235 
0 ~ 467 
0.852 
0.210 
0.695 
0.147 
0.325 
0.155 
0.280 
0.404 
0.199 
0:  578 
0.197 
0.451 
0.112 
0.315 
0.262 
0.921 
0.339 
0.831 
0.260 
0.893 
0.238 
0.623 
0.159 
0.330 

- 

- 

- 

- 

- 

CORE 
CHAR 

NEIGH1 
(E) 

0.101 
0.147 
0.178 
0.095 
0.195 
0.111 
0.212 
0.144 
0.203 
0.239 
0.105 
0.164 
0.080 
0.143 
0.123 
0.225 
0.276 
0.128 
0.177 
0.039 
0.078 
0.278 
0.616 
0.L30 
0.170 
0.057 
0.065 
0.093 
0.187 
0.087 
0.207 
0.114 
0.231 

- 

- 

- 

- 

CORE 
1ECESSION 

( i n . !  

0.033 
0.096 
0.189 
0.021 
0.105 
0.008 
0.021 
0.027 
0.103 
0.251 
0.038 
0.210 
0.017 
0,058 

+ O .  044 
+O. 051 
t0 .025 

0.002 
0.120 
0.015 
0.086 

+0.010 
+ O .  036 

0.051 
0.259 
0.066 
0.226 
0.026 
0.185 
0.018 
0.103 
0.009 
0.025 

CHAR 
THICKNESS 

( i n . )  

0.090 
0.126 
0.156 
0.083 
0.154 
0.082 
0.152 
0.111 
0.146 
0.171 
0.080 
0.116 
0.076 
0.127 
0.120 
0.194 
0.217 
0.092 
0.111 
0.044 
0.065 
0.116 
0.286 
0.058 
0.066 
0.043 
0.026 
0.084 
0.157 
0.078 
0.163 
0.083 
0.155 

CHAR 
IENSITY 
I b / f t 3 )  

- 
13.9  
14.5 
14.2 
14.2 
15.7 
16 .8  
17.3 
16 .1  
17.3 
17 .3  
1 6 . 3  
1 7 . 5  
13 .1  
14.0 
1 2 . 3  
14 .3  
15.8 
17.2 
19.7 
11.0 
1 4 . 9  
29.7 
26.7 
27.8 
31.9 
1 6 . 4  
31.0 
13.7 
14.8 
13 .8  
15.8 
17.0 
18 .5  

( 5 )  

( 6 )  SRI radiometer l o c a t e d  i n s i d e  test  chamber; viewed model with f ront  sur face  mirror .  Data 

In frared  J n d u s t r i e s  "Thermodot" Mo TD9CH; viewed model through front  quartz  p o r t ,  approx i -  
mate ly  45 t o  model s u r f a c e  p lane ,  0.80 f 0.015 microns .  

has  been c o r r e c t e d :  

The Aerotherm and SRI c a l o r i m e t e r s  were sprayed w i t h  a t h i n  c o a t  o f  T e f l o n  t o  de termine  
t h e  e f f e c t  o f  reduced s u r f a c e  c a t a l y t i c i t y .  

1 . 1 2  Tmeas = TCOW 

(7) 

1 3 7  



. .  
, 

MODEL 
STAGNATION 

PRESSURE 
P 

t 2  
( a tm)  

( 4 )  

5.62 
4.92 

T a b l e  B-8 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY AVCO CORPORATION 

PLENUM NOZZLE 
PRESSURE THROAT 

p t l  DIAMETEF ( i n .  ) 

( a t m )  

10.91 0.765 
10.40 0.765 

Te f lon  

4.91 
4 93 

1 . 9 3  

Pheno l i c -  
(75 lb/f t .yylon 

10 .34  0.765 
10 .40  0.765 
10 .40  0.765 
10.40 0.765 

2.06 
2 .06  
2.06 

Lang 1 ey Pheno l i c  - 
Nylon Scout  R/4B 
Avcoat 5026-39 
Tunnel C a l i b r a t i o n  
Runs 

- 
MODEL 

NO. 

- 
TllO 
T l l l  
T113 
T114 

P12A2 
P12A3 
P12A4 
P12A5 

- 

- 
PLL47 

A7 3 
c1 
c2 
c 3  
c 4  
c5 
C6 
c7 
c8 
c9  
c1 a 
c11 

- 
- 

- 

TOTAL 
ENTHALPY 

( B t  u/ 1 b )  
h t  

( 1 )  

2 ,430  
6 , 8 2 0  
7 ,260  
7 , 2 6 0  
2 ,430  
6 , 6 9 0  
7 ,260  
7 , 2 6 0  
7 , 0 0 0  

7 , 0 0 0  
2,470 
2 , 4 3 0  
2 ,500  
2 ,400  
6 , 7 0 0  
7 , 0 0 0  
7 , 0 0 0  
7 ,000  
7 , 2 6 0  
7,260 
7 , 2 6 0  

HEAT TRANSFER 
RATE 

qcw 

( B t u /  f t 2  s e c )  

C a l o r i m e t e r  

Fac  i 11 t y  
( 2 )  

1 , 6 4 0  

3 ,400  

1 .960  

- 
SRI 
( 3 )  

1 , 6 4 0  
3 ,340  
1 ,850  
1,850 
1 , 6 4 0  
3,340 
1 ,850  
1,85C 
1,85C 

1,85C 

- 

- 

- 
__ 
- 

1,64C 

3,34(  

1 , 8 5 (  

5.62 
10.37 0.765 I 2.05  1 :.jz ::it 

1 .93  2.05 
1 . 9 3  2 .03  1 .25  

(1) En tha lpy  de te rmlned  by s o n i c  f low method. 

( 2 )  AVCO n u l l  p o i n t  t r a n s i e n t  c a l o r l m e t e r ,  0 . 3 7 5 - i n .  ( s e n s i n g  d i a m e t e r )  copper  slug b y  1 . 5 - i n  
long ,  mounted i n  a 1 .25 -1" .  f l a t  f a c e  sh roud .  

( 3 )  SRI c a l o r i m e t e r  v a l u e s  t a k e n  from t u n n e l  c a l i h r a t l o n  r u n s .  

( 4 )  AVCO uncooled coppe r  p i t o t  p r o b e ,  0.375-1n d i a m e t e r .  T e s t  d a t a  t aken  from t u n n e l  
c a l i b r a t i o n  runs .  
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NOZZLE A I R  
E X I T  MASS 

)IAMETER FLOW 
(in.) (lb/sec) 

1 .178  0.440 
1.178 0.273 

MAXIMUM FRONT 
SURFACE TEMPERATURE 

€ = 1  T F S  
( O F )  

( 5 )  

1.25 

1 . 2 5  
1.25 
1.178 

0.141 
0.141 
0.440 4 , 2 2 0  

1 . 2 5  
1.178 
1.178 
1.178 
1.178 

- 
RUN 

TIME 
s e c )  

- 
4.02 
4.03 
2.97 

4.06 
4.00 
2.97 

10.01 
6.02 

9 

- 

0.141 4,900 
0.437 
0.442 
0.442 
0.441 

6 . 0 1  
0.88 
0.93 
0.46 
0.52 
0.71 
0.84 
0.45 
0.41 
1 . 1 3  
0.36 
0.37 

- 

- 

1.178 
1.178 
1.178 
1.178 

- 
CORE 

NEIGHT 
LOSS 

( g )  

- 
2.376 
2.679 
1.176 
3 .999  
0.657 
1.217 
0.396 
1 .053  
0.440 

1.040 

- 

- 
- 
- 

- 

0.273 
0.270 
0.270 
0.270 
0.141 
0.141 
0.141 

CORE 
CHAR 

WEIGHT 
( g )  

0.033 
0.016 
0.101 
0.174 
0.069 

0.015 

CORE 
R E C E S S I O N  

(in.) 

0.208 
0.228 
0.104 
0.358 
0.085 
0.183 
0.016 
0.114 
0.144 

0.416 

CHAR 
T H I C K N E S S  

( i n . )  

0.024 

0.057 
0.076 
0.055 

0 .014(7 )  

O.OlO(6) 

( 5 )  Instrument Development Lab recording pyrometer ( 0 . 6 5 3  microns); viewed model directly. 

( 6 )  Model P12A3 spalled sporadically, as indicated in mntion pictures and varying front surface 

( 7 )  Model A73 lost considerable side shroud material because of incomplete honeycomb cells, 

temperatures 

q may have increased during run. 
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Tab le  B-9 

'IUNNEL CALIBRATION AND TEST DATA REPOHIED BY GIANNINI SCIENTIFIC CORPORATION 

R e f :  G.S.C. T e s t  R e p o r t  No. FR076-332,  J u l y  1966 

HEAT TRANSFER 
RATE 

qcw 

( B t u / f  t2 s e c  ) 

Langley Phenolic-Nylon 
Scout R/4B 

MODEL PLENUM 
STAGNATION PRESSURE 

PRES SURE 

p t l  
P 

t 2  
( a t m )  ( a t m )  

Avcoat. 5026-39 

0.0041 
0.0041 
0.093 
0.095 
0.0197 
0.0199 
0.0199 
0.0041 
0.0041 
0.093 
0.095 
0.0197 
0.0199 
0.0041 
0.0041 

Modified Pur l e  Blend 
S i l i c o n e  E4AP 

0.0197 
0.0195 
0.626 
0.625 
0.085 
0.086 
0.086 
0.0194 
0.0196 
0.620 
0.626 
0.084 
0.085 
0.0195 
0.0197 

G. E. S i l i c o n e  
ESM 1004AP 

Hughes Phenolic-Nylon 
H-5 

0.093 
0.095 
0.0199 
0.0199 

C a l i b r a t i o n  Runs 

0.624 
0.626 
0.085 
0,086 

MODEL 
NO. 

PLLl 
PLL2 
PLL90 
PLL3 
PLL4 
PLL5 
PLL6 
PLL7 

A1 
A2 
A94 
A3 
A4 
A5 
A6 

SP1 
SP2 
SP90 
SP3 
SP4 
SP5 
SP6 
SG1 
SG45 
SG2 
SG3 
SG4 
SG5 

PLHl 
PLH90 
PLH2 
PLH3 
PLH4 
PLH5 

c1 
c2 
c 3  
c 4  
c5  
C6 

0.0041 
0.0041 
0.095 
0.094 

TOTAL 
!NTHALPY 

, B t  u/ l b )  
h t  

(1) 

10,200 
10 ,200  
10 ,200  
10,090 
10,080 
1 5 , 3 9 0  
15,400 
15,400 
10 ,200  
10,200 
10,200 
10,100 
10,090 
15,380 
15,400 
10 ,180  
10,200 
10 ,200  
L O ,  100 
10 ,100  
15 ,360  
15 ,400  
10 ,200  
10 ,190  
10,080 
10 ,100  
15,380 
15,400 
10 ,200  
10 ,200  
10 ,100  
10,100 
15,400 
15,380 

10 ,200  
10 ,190  
10 ,100  
10,100 
15 ,400  
15,400 

O.OL96 
0.0195 
0.625 
0.622 

1.57 

C a l o r i  

F a c i l i t y  

( 2 )  

145 
146 
145 

65 
64 

457 
456 
457 
145 
146 
144 

66 
65 

455 
456 
145 
146 
145 

66 
64 

455 
457 
145 
144 

65 
66 

456 
457 
146 
144 

65 
65 

457 
456 
( 3 )  
146 

0.095 
0.095 

0.0197 0.084 
0.0197 0.084 
0.0199 0.086 
0.0041 0.0194. 
0.0041 0.0195 
0.094 0.625 
0.095 0.630 

0.0199 0.086 
0.0197 0.085 
0.0199 0.086 

0.0197 
135 1 0.0197 E:;:: 

0.0041 0.0197 
57 I 0.0041 I 0.0193 

NOZZLE 
STATIC 

'RESSURE 

'e 

( a t m )  

1.00155 
1.00158 
1.00156 
1 00035 
I. 00035 
3.0107 
3.0106 
1.0106 
3.00156 
3.00157 
3.00157 
3.00036 
0.00035 
0.0104 
0.0105 
0.00156 
0.00156 
0.00155 
0.00035 
0.00036 
0.0105 
0.0106 
0.00155 
0.00155 
0.00036 
0.00036 
0.0105 
0.0106 
0.00156 
0 ..00156 
0.00035 
0.00035 
0.0106 
0.0105 

0.00157 
0.00157 
0.00036 
0.00035 

( 1 )  
( 2 )  G i a n n i n i  s t e a d y  s t a t e  c a l o r i m e t e r ,  0 . 6 2 5 - i n .  d i a m e t e r  h e m l s p h e r i c a l  shape ,  coppe r  s u r f a c e ,  w a t e r  

( 3 )  G i a n n i n i  t r a n s i e n t  c a l o r i m e t e r  u sed  t o  c a l i b r a t e  ( 2 1 ,  0 . 2 5 - l n .  d i a m e t e r  by 0 2 5 - i n .  l ong  coppe r  

(4) G i a n n i n l  p i t o t  p r o b e ,  w a t e r - c o o l e d ,  0.625-111. d i a m e t e r .  

En tha lpy  measured by e n e r g y  b a l a n c e  method 

t e m p e r a t u r e  r i se  t y p e  

s l u g  s e t  i n  g r a p h i t e  sh roud  w i t h  shape same a s  models .  

T h i s  c a l o r i m e t e r  was c a l i b r a t e d  w i t h  c a l o r l m e t e r  d e s c r i b e d  unde r  ( 3 ) .  
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GAS 
FLOW 
RATE 

. I b ( s e c )  

0.0043 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0189 
0.0043 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0043 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 

0.0043 
0.0043 
0.00084 
0.00084 

MAXIMUM FRONT SURFACE 
TEMPERATURE 

TFS 

'ac 1 1  i t y  
( 5 )  

3 ,000  
3 260 
3: 680 
2 ,300  
2,480 
3 ,950  
4,230 
4,020 
3 ,200  
3 ,370  
3,300 
2,350 
2,390 
3,550 
4,150 
2,780 
3 ,170  
3 ,060  
2,380 
2,400 
3,850 
3 ,850  
3,020 
3 ,100  
2 ,400  
2,380 
3,250 
2 ,900  
3 ,300  
3,350 
2,490 
2,550 
3 ,850  
4,200 

- 
( 6 )  - 

2,820 
3,280 
3,800 
2,300 
2,610 

4,350 

3,300 
3,400 
3,500 
2 ,500  
2,600 
4,240 
4,360 
2,820 

3 ,340  
2,450 
2 ,485  

3 ,340  
3,240 
3,300 
2,470 
2,455 
3,320 
3 ,300  
3,36C 
3,46C 
2,40C 
2,59C 
4,OlC 
4,30C 

- 

- 

- 

- 
SRI 
( 7 )  - 

2,900 
3,180 
3,620 
2,140 
2,350 

4,180 
4 ,000  
3 ,100  
3 ,300  
3,290 
2 ,280  
2,300 
4,100 
4,250 
2,650 
3,050 
3 ,000  
2 ,180  
2 ,250  
3 ,850  
3 ,850  
2 ,950  
3 ,050  
2 ,250  
2 ,230  
3,250 

3,250 
3,25C 
2,32C 
2,33C 
3,80C 
4,15c 

- 

- 

- 

- 

- 

- 

- 
RUN 

TIME 
( s e c )  

- 

9 . 4  
20.9 
34.7 
33.0 
79.1 

5 .1  

5.2 
11.1 
20.8 
34.7 
32 .5  
7 8 . 9  

5 .7  
10.7 
10 .4  
20.8 
35.0 
32.7 
79.0 

5 . 9  
10.7 
20.9 
34.8 
32.6 
79.2 

5 . 8  
1 1 . 5  
20.8 
34.8 
32.8 
78.8 

4 .9  
10 .8  

10.8 
- 

- 

- 

- 

- 
CORE 
'EIGHT 
LOSS 

( g )  

- 
).142 
1.229 
). 384 
).208 
1.436 
b.147 
1.249 
1-148 
1-148 
1.251 
1.361 
1.206 
I. 373 
3.176 
1.286 
3.132 
1.181 
3.369 
3.169 
0.286 
D.207 
0.338 
0.255 
0.478 
0.108 
0.193 
0.268 
0.635 
0.229 
0.329 
0.222 
0.450 
0.125 
0.260 

- 

- 

- 

- 

- 

- 

CORE 
CHAR 

HEIGHT 

( g )  

0.073 
0.119 
0.214 
0.092 
0.172 
0.092 
0.156 
0.093 
0.112 
0.162 
0.212 
0.139 
0.236 
0.096 
0.127 
0.102 
0.150 
0.199 
0.116 
0.197 
0.055 
0.074 
0.181 
0.248 
0.295 
0.488 
0.105 
0.071 
0.108 
0.163 
0.088 
0.163 
0.084 
0.156 

CORE 
ECESSION 

( i n . )  

0.010 
0.022 
0.073 
0.024 
0.075 
0.010 
0.030 
0.009 
0.016 
0.037 
0.072 
0.030 
0.064 
0.027 
0.062 

t o .  030 
0.004 

t0 .036  
+0.048 

0.026 
0.070 
0.043 
0.065 

+o. 011 
+ O .  015 

0.075 
0.182 
0.014 
0.025 
0.023 
0.073 
0.004 
0.025 

+ O .  016 

CHAR 
THICKNESS 

( i n . )  

0.063 
0.101 
0.159 
0.084 
0.131 
0.075 
0.114 
0.075 
0.077 
0.107 
0.144 
0.094 
0.173 
0.078 
0.099 
0.075 
0,125 
0.127 
0.109 
0.177 
0.045 
0.056 
0.077 
0.107 
0.115 
0.200 
0.030 
0.030 
0.094 
0.135 
0.085 
0.130 
0.068 
0.113 

CHAR 
ENSITY 
I b / f t 3 )  

14.4 
14.6 
16.7 
13.6 
16.3 
15.2 
16.9 
15..4 
18.0 
18.8 
18.3 
1 8 . 3  
1 7 . 0  
15.3 
15.9 
16.9 
14 .9  
19 .1  
13.2 
13.8 
15 .1  
16 .4  
29.2 
28.8 
31.8 
30.2 
43.5 
29.3 
14 .2  
15 .0  
12 .8  
15.5 
1 5 . 3  
17.1 

( 5 )  Thermodot Mo. TD-6t3T r a d i a t i o n  thermometer ( 1 . 6 - 2 . 7  microns ) ;  viewed model through front  

( 6 )  

( 7 )  

p o r t ,  approximately 40' t o  s u r f a c e  p lane  o f  model. 
L-N o p t i c a l  pyrometer (0.655 microns ) .  

SRI radiometer;  viewed model through front  p o r t ,  approximately 40' t o  s u r f a c e  p lane  of 
model. 
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T a b l e  B- lO(a )  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY MARTIN COMPANY 
Ref :  M a r t i n  R e p o r t  ER 1 4 3 5 6 ,  Augus t  26,  1966 

F a c i l i t y  

Avcoat 5026-39 

40.0 
438. 
387. 

Modified P u r p l e  Blend 
S i l i c o n e  E4A1 

59.8 

59.8 

57.5 

547. 
512. 

55.9 

512. 
57.5 

547. 

530. 
56.8 

G .  E. S i l i c o n e  
EN 1004AP 

Hu hes  Phenol ic-Nylon 
H- f 

C a l i b r a t i o n  Runs 

- 
lODEL 
NO, 

- 
'LL12 
'LL13 
'LL14 
' U 9  1 
'LL10 
'LL11 
'LL8 
'LL9 

A12 
A1 3 
A95 
A1 0 
A1 1 
A8 
A9 
A14 

SP13 
SP14 
SP9 1 
SP10 
S P l l  
SP12 
SP8 
SP9 
SG6 
SG46 
SGlO 
sG7 
sG8 
SG9 

'LH12 
'LH9 1 
'LH7 
'LH10 
'LH11 
'LH8 
'LH9 

c1 
c2 
c 3  

- 

- 

- 

- 

- 

TOTAL 
INTHALPY 

B t  u/ 1 b )  
h t  

(1) 

5,143 
4,996 
6,170 
5,140 

18,117 
18,117 
10,137 
10,947 

5 , 1 4 3  
4,996 
5,140 

18,117 
18,445 
10,137 
10,947 
10,387 

5 I 226 
5,180 

17,950 
18,445 
18,642 
10,647 
10,158 
5 ,226  
5,180 

17 ,950  
10,387 
10,038 
10,158 

4,933 
5,180 

18,642 
17,950 
18 ,445  
10,137 
10,647 

4 , 8 2 4  
18,370 
10,820 

4 ,933  

HEAT TRANSFER RATE 

iCw ( B t n / f t 2  s e c )  

C a l  o r i m  e t  e r  

( 2 )  

46.5 
42.6 
44.0 
43.2 

456. 
456. 
417. 
418. 

46.5 
42.6 
43.2 

456. 
475. 
417. 
418. 
417. - 

44.4 
42. 3 
44.2 

475. 
475. 
455. 
417. 
408. - 

42.3 
44 .2  

475. 
417. 
408. 
408. - 

44.4 
44.2 

455. 
475. 
475. 
417. 
417. - 

42.8 
485. 
400. 

4.0.7 
1.57. 
1.09. 

MODEL 
;TAGNATION 
PRESSURE 
' ( a t m )  

t 2  

0.0071 
0.0069 
0.0070 
0.0070 
0.0333 
0.0333 
0.140 
0.144 
0.0071 
0.0069 
0.0070 
0.0333 
0.0340 

0.0070 
0.0070 
0.0070 
0.0340 
0.0340 
0.0341 
0.139 
0.144 
0.0070 
0.0070 

0.140 
0.144 
0.144 

0.0341 
0.0340 
0.0340 
0.140 
0.139 
0.0070 
0.0340 

PLENUM 
'RESSUR E 

t l  
P 

( a t m )  

0.0303 
0.0303 

0.0301 
0.0448 
0.0448 
0.263 
0.264 
0.0303 
0.0303 
0.0301 
0.0448 
0.0433 
0.263 
0.264 
0.260 
0.0303 
0.0264 
0.0316 
0.0435 
0.0433 
0.0632 
0.267 
0.263 
0.0264 
0.0316 
0.0435 
0.260 
0.257 
0.263 
0.0303 
0.0316 
0.0632 
0.0435 
0.0433 
0.263 
0.267 
0.0290 
0.0435 

(1) 
( 2 )  F a c i l i t y  s t e a d y  s t a t e  c a l o r i m e t e r ,  "Gardon" a s y m p t o t i c  t y p e  by Thermogage I n c . ,  1 .25-in.  d i a m e t e r ,  

( 3 )  M a r t i n  d e s i g n  slug c a l o r i m e t e r ,  0 .25 - in .  d i a m e t e r  c o p p e r  s l u g  by 0 .125- in .  l ong  s e t  i n  1 . 2 5 - i n .  

( 4 )  Mar t in  d e s i g n  slug c a l o r i m e t e r ,  0 .625- in .  c o p p e r  s l u g  b y  0 .125- in .  l ong  set i n  1.25-111. d i a m e t e r  

( 5 )  F a c i l i t y  p i t o t  p r o b e ,  0. 625-in.  d i a m e t e r ,  wa te r - coo led .  

En tha lpy  measured b y  e n e r g y  b a l a n c e  method. 

f l a t  f a c e ,  s e n s i n g  d i a m e t e r  0 . 1 0 - i n .  c o n s t a n t a n .  

d i a m e t e r  f l a t  f a c e  a s b e s t o s - p h e n o l i c  body. 

f 1 a t  f a c e  a s b e s t o s -  p henol  i c  body. 
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( atm) 

0.00096 
0.00126 

0.00065 
0.00379 r 0.00379 
0.00921 

0.00096 
0.00126 
0.00065 
0.00379 
0.00369 
0.00921 
0.00854 

0.00125 
0.00100 
0.00105 
0.00369 
0.00369 
0.00380 
0.00909 
0.00789 

0.00105 
0.00369 
0.00914 

0.00125 
0.00105 
0.00380 
0.00369 
0.00369 
0.00921 
0.00909 
0.0010 t 0.00382 

NOZZLE 
E X I T  

PRESSURE 

pe 
( a t m )  

0.00106 
0.00136 

_ _  
0.00459 
0.00459 
0.00921 
0.00854 
0.00106 
0.00136 

0.00459 
0.00479 
0.00921 
0.00854 
0.00914 
0.00135 
0.0009 
0.00115 
0.00443 
0.00479 
0.00482 
0.00934 
0.00789 
0.00090 
0.00115 
0.00443 
0.00914 
0.00878 
0.00789 
0.00135 
0.00115 
0.00482 
0.00443 
0.00479 
0.00921 
0.00934 
0.0011 
0.00442 

_ _  

AS FLOW 
RATE 

l b / s e c )  

0.0030 
0.0030 

0.0030 
0.0040 
0.0040 
0.0251 
0.0250 
0.0030 
0.0030 
0.0030 
0.0040 
0.0040 
0.0251 
0.0250 
0.0249 
0.0030 
0.0030 
0.0030 
0.0040 
0.0040 
0.0040 
0.0251 
0.0250 
0.0030 
0.0030 
0.0040 
0.0249 
0.0250 
0.0250 
0.0030 
0.0030 
0.0040 
0.0040 
0.0040 
0.0251 
0.0251 

MAXIMUM FRONT 
SURFACE 

TEMPERATURE 
rFs E = 1 (OF) 

F a c i l i  t y 
(6) 

2690 
2540 

2700 
4310 
4070 
4770 
4440 
2780 
2600 
2620 
4340 
4200 

4460 
4580 
2400 
2430 
2400 
3980 
3910 
3920 
4100 

2430 
2380 
3500 
3480 

_ _  
2660 
2670 
4170 
4270 
4040 
4720 

- 
SRI 
(7) 

2600 
2360 

2440 
4230 
3930 
4520 
4300 
2500 
2430 
2470 
4280 
4150 
4350 
4400 
4390 
2330 
2350 
2040 
3940 
3830 
3670 
3840 
3860 
2320 
2290 
3370 
3220 
3250 
3220 
2500 
2480 
3940 
4220 
3850 
4490 
4130 

- 

- 

- 

- 

- 

~ 

RUN 
rIME 
sec)  

70 
35 
70 
20 
11 

5 
17 
7 

70 
35 
20 
11 

5 
17 
7 

17 
35 
70 

L20 . 
11 

5 
13.4 
17 

7 
70 

120 
11 
17 
17 

7 
70 

120 
11 
11 

5 
17 
7 

- 

- 

- 

- 

- 

- 

- 
CORE 

YEIGHT 
LOSS 

(g) 

~ 

1. 401 
1.210 
I. 398 
3.574 
1.210 
3.128 
0.431 

3.377 
0.197 
0.537 
U. 256 
0.140 
0.551 
0.266 
0.601 
0.184 
0.275 
0.442 
0.286 
0.129 
0.344 
0.710 
0.294 
0.216 
0.344 
0.457 
1.350 
1.276 
0.452 
0.410 
0.639 
0.226 
0.225 
0.125 
0.461 
0.230 

3.192 

__ 

- 

- 

- 

CORE 
CHAR 

NFIGHT 
(g) 

3.160 
3.102 
3.165 
3. 240 
0.138 
3 .  075 
0.219 
0.1 27 
0. 237 
0.128 
0.338 
0.123 
0.083 
0.106 
0.096 
0.095 
0.123 
0.187 
0.253 
0.057 
0.054 
0.078 
0.030 
0.033 
0.467 
0.551 
0.093 
0.077 
0.065 
0.106 
0.147 
0.196 
0.134 

0.070 
0.204 
0.133 

CORE 
,ECESSION 

( i n . )  

0.054 
0.023 
0.060 
0.107 
0.017 
0.004 
0.069 
0.020 
0.048 
0.024 
0.060 
0.048 
0.022 
0.169 
0.057 
0.188 

+0.033 
+O. 049 
+O. 048 

0.042 
0.000 
0.053 
0.190 
0.055 

+0.006 
+O. 065 
0.129 
0.415 
0.373 
0.119 
0.058 
0.078 
0.025 
0.015 
0.004 
0.062 
0.019 

CHAR 

( i n .  ) 
HICKNESS 

0.126 
0.087 
0.128 
0.178 
0.108 
0.063 
0.156 
0.094 
0.168 
0.096 
0.236 
0.092 
0.064 
0.079 
0.076 
0.076 
0.107 
0.153 
0.200 
0.052 
0.052 
0.063 
0.032 
0.033 
0.174 
0.271 
0.030 
0.011 
0.016 
0.033 
0.119 
0.171 
0.103 

0.061 
0.151 
0.097 

CHAR 
IENSITY 

l b / f t 3 )  

15.7 
14.5 
16.0 
16.7 
15.8 
14.8 
17.4 
16.8 
17.5 
16.5 
17.8 
16.6 
16.1 
16.6 
15.7 
15.5 
14.3 
15.2 
15.7 
13.6 
12.9 
15 .4  
11.6 
12.4 
33.3 
25.2 
38.4 
46.8 
50.4 
39.8 
15.3 
14.7 
16.1 

14 .2  
16.8 
17.0 

(6) F a c i l i t y  Pyro 650 e l e c t r o n i c  o p t i c a l  pyrometer; viewed model through f r o n t  p o r t ,  approximately 30' t o  

( 7 )  SRI rad iometer ,  l o c a t e d  i n s i d e  t e s t  chamber; viewed model d i r e c t l y ,  approximately 30° t o  model s u r f a c e  

model s u r f a c e  p lane .  

p lane .  
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T a b l e  B - l O ( b )  ( C o n c l u d e d )  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY MARTIN COMPANY FOR VARIOUS DIAMETER MODELS 

R e f :  M a r t i n  R e p o r t  ER 1 4  4 2 6 ,  November 1 7 ,  1966  

Te f lon  

Hughes Pheno l i c  -Ny 1 on 
H-5 

Tunnel C a l i b r a t i o n  Runs 

MODEL 
NO. 

T163 
T162 

T158 
T159 
T155 
T154 
T150 
T151 

PLH163 
PLHl62 
PLHl5 9 
PLH158 
PLH155 
PLH154 
PLHl5 1 
PLHl5 0 

c1 
c2  
c 3  
c4 
c 5  
C6 

TOTAL 
ENTHALPY 

( B t  u/ 1 b )  
h t  

( 1 )  

12,432 

12 ,149  
12 ,145  
12 ,246  
12 ,246  
12 ,610  
12 ,406  
12 ,145  
12,432 
12 ,145  
12 ,432  
12 ,406  
12 ,246  
12 ,610  
12,406 

1 2 , 1 4 9  

12,196 
12 ,725  
12 ,071  
12,367 
11 ,869  
11 ,713  

MODEL 
TAGNATION 
PRESSURE 

( a t m )  
p t 2  

0.0205 
0.0203 

0.0205 
0.0203 
0.0203 
0.0203 
0.0203 
0.0201 
0.0203 
0.0203 
0.0203 
0.0203 
0.0201 
0.0203 
0.0203 
0.0201 

0.0200 
0.0201 
0.0195 
0.0204 
0.0194 
0.0194 

PLENUM 
'RESSURE 

p t l  

( a t m )  

0.. 241 
0.240 

0.241 
0.220 
0.241 
0 .241  
0.250 
0.249 
0 .220  
0.240 
0.220 
0.240 
0.249 
0.241 
0.249 
0.250 

TEST 
CHAMBER 
'RESSURE 

( a t m )  

0.00132 
0.00132 

0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 

0.00150 
0.00145 
0.00132 
0.00132 
0.00126 
0.00122 

GAS 
FLOW 
RATE 

[ I b / s e c )  

0.04 
0.04 

0 .04  
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0 .04  
0.04 
0.04 
0 .04  
0.04 

0.0401 
0.0401 
0 . 0 4  
0.04 
0 .04  
0.04 

MODEL 
DIAMETER 
4ND SHAPE 

( i n . )  

1.0 Hemi. 
1 .0  H e m i .  

1.25 FF 
1.25 FF 
1.5 FF 
2.5 FF 
5.0 FF 
5.0 FF 
1 .0  Hemi. 
1 .0  H e m i .  
1 .25  FF 
1.25 FF 
2.5 FF 
2.5 FF 
5.0 FF 
5 . 0  FF 

( 1 )  
( 2 )  Thermogage h e a t  s i n k  c a l o r i m e t e r ,  1 . 2 5 - i n .  f l a t  f a c e  p l u s  a d a p t e r  t o  2 . 5 - i n .  d i a m e t e r .  

( 3 )  Thermogage s t e a d y  s t a t e  wa te r - coo led  a s y m p t o t i c  c a l o r i m e t e r s :  ( 1 )  1 - i n .  d i a m e t e r  hemisphere s h a p e ,  

E n t h a l p y  de te rmined  by h e a t  b a l a n c e  method. 

( 2 )  1 .25- in .  d i a m e t e r  f l a t  f a c e  p l u s  a d a p t e r s  f o r  2 .5 - in .  d i a m e t e r  and S - i n .  d i a m e t e r  f l a t  f a c e .  
C o n s t a n t a n  s e n s i n g  d i a m e t e r  0.125 i n .  

( 4 )  SRI c a l o r i m e t e r .  
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- 
MODEL 
CORE 

)IAMETER 
( i n .  ) 

0.5 
0 .5  

0.625 
0.625 
1 .25  
1 .25  
2 . 5  
2 . 5  
0.5 
0 . 5  
0.625 
0.625 
1 . 2 5  
1.25 
2 .5  
2.5 



HEAT TRANSFER 
RATE 

THERMOGAGE 
CALORIMETER 

( 2 )  

2.5 FF 1.25 FF 

149 
155 
151 211 

155 

156 

171 

151 

iCW 
(Btu/ f t2 sec) 

THERMOGAGE SRI MARTIN 
CALORIMETER CALORIMETER 

( 3 )  ( 4 )  ( 5 )  

1.0 Hemi. 1.25 FF 2.5 FF 5.0 FF 1.25 FF 1.0 Hemi. 1.25 FF 2.5 FF 5.0 FF 

2 46 180 254 124 
255 144 217 75 

500 240 as 
438 2 47 3 48 

484 318 

384 132 

3 45 

( 2 )  

149 
151 

149 
155 
151 
151 
156 
156 
155 
151 
155 
151 
156 
151 
156 
156 

MAXIMUM 
FRONT SURFACE I TEMPERATURE 

aci 11 ty 

~ 

3,960 
3 ,710  
4,110 
3 ,480  
3 ,770  
3,300 
3 ,490  

SR I 
( 7 )  

3,840 

3 ,500  
4,000 
3 ,390  
3 ,550  
3 ,200  
3 ,390  

RUN 
rIME 
sec) 

10 
35 

20 
70 
30 

100 
40 

140 
10 
35 
20 
70 
30 

100 
40 

140 

WEIGHT -r 
0.472 
1.607 

12.004 
43.032 

0.185 --I- 0.506 

CORE 
CHAR 
VEIGHT 

( 6 )  

0.074 

0.128 
0.375 
0.606 
1.552 

6.974 

0.158 

2. 824 

0.068 
0.228 

0,067 
0.269 
0.070 

0.067 
0.229 
0.040 
0.150 
0.027 
0.144 
0.029 
0.120 
0.032 
0.106 

0.248 

0.094 
0.199 
0.115 

0.126 

0.156 

0.282 

0.278 

0.318 

HEAT TRANSFER RATE (Btu/ft2sec) 

14.2 
16.2 
13.8 
16.5 
1 4 . 9  
1 7 . 3  
14.0 
17.0 

(5) Martin transient calorimeter, copper slug set in asbestos-phenolic body. 

Calorimeter Shape Overall Diameter (in.) Slug Diameter (in.) 

Hemisphere 1.0 0.125 
Flat Face 1.25 0.188 
Flat Face 2.50 0.250 
Flat Face 5.0 0.250 

(6) 

(7) 

Facility pyrometer Pyro 650 electronic optical pyrometer, located outside test chamber: viewed model through front 
port approximately 38' to plane of model front surface. 

SRI radiometer, located inside test chamber; viewed model directly, approximately 38' to plane of model front surface. 
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T a b l e  B-11 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY SPACE GENERAL CORPORATION 
Ref:  SGC R e p o r t  1 0 3 4 - F 1 ,  J u l y  1966 

IODEL 
No' 

Langley Phenolic-Nylon 
Scout  W4B 

TOTAL ENTHALPY 

h t  ( B . t u / l b )  

Avcoat 5026-39 

' a c i l i t y  
( 3 )  

Modified P u r p l e  Blend 
S i l i c o n e  E4A1 

SRI 
( 4 )  

G. E. S i l i c o n e  
E911 1004AP 

Hu hes  Phenolic-Nylon 
H- 8 

C a l i b r a t i o n  Runs 

ILL22 14,925 
ILL23 14,920 
ILL94 14,855 
ILL55 24,985 
ILL56 t 24,765 

Xi20 1 24,888 

PLH20 24,910 
PLH2l 24,875 

( 2 )  

14,990 
14,850 
14,990 
24,130 
25,340 

5,010 
5,020 

14,850 
14,850 
15,000 
25,510 
26,180 

5 ,005  
5,020 

15,110 
14,990 
14,990 
25,510 
24,840 

5,015 
5,020 

15,000 
14,990 
24,130 

5,030 
5,020 

14,850 
14,990 
24,840 
25,510 

5,005 
5,02C 

14,85C 
25,51C 

5,02C 

- 

MODEL 
STAGNATION 

HEAT TRANSFER 

C a l o r i m e t e r  ( a t m )  

0.00510 
0.00509 
0.00511 
0.01947 

344 0.01960 
0.092 
0.092 
0.00511 
0.00509 

101  0.00511 
0.01974 
0.01934 
0.093 

0.00512 
10 3 0.00511 
105 0.00510 

0.01974 
344 344 I I 0.01960 

0.093 
0.092 
0.00511 
0.00511 
0.01947 
0.093 
0.092 
0.00510 
0.00511 

345 0.0196% 
3 45 0.01972 

0.092 
0.092 

PLENUM 
'RESSURE 
P 
t l  

( a t m )  

0.0266 
0.0265 
0.0266 
0.1210 
0.1234 
0 .514  
0.514 
0.0265 
0.0265 
0.0267 
0.1237 
0.1250 
0.512 
0.514 
0.0268 
0.0266 
0.0266 
0.1237 
0.1224 
0.513 
0.514 
0.0264 
0.0266 
0.1210 
0.510 
0.514 
0.0265 
0.0266 
0.1224 
0.1237 
0.512 
0.514 
0.0265 
0.1237 
0.514 

( 1 )  

( 2 )  E n t h a l p y  c a l c u l a t e d  by SGC u s i n g  s o n i c  f low r e l a t i o n s h l p :  h t  = (280Pt  A*/m)*". 

( 3 )  SGC s t e a d y  s t a t e  c a l o r i m e t e r ,  Hy-Cal E n g i n e e r i n g  a s y m p t o t l c  t y p e ,  0 .10 - ln .  
s e n s i n g  a r e a  i n  1 . 2 5 - i n .  d i a m e t e r  f l a t  f a c e d  shroud.  

( 4 )  SGC p i t o t  p robe ,  w a t e r  c o o l e d ,  0.5-11%. d i ame te r .  

En tha lpy  measured by ene rgy  b a l a n c e  method. 

1 
d i a m e t e r  c o n s t a n t a n  
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NOZZLE 

PRES SUR E 

( atm) 

0.082 
0.121 
0.154 

0.000475 
0.000473 
0.009 47 5 

0.012 
0.031 
0.054 

0.002108 
0.002197 
0.00965 

0.000 47 6 
0.000476 
0.000477 
0.002237 
0.00 1974 

0.139 
0.141 
0.108 
0.141 
0. 191 
0.101 
0.121 
0.104 
0.100 

0.002237 
0.002276 
0.00968 
0.00965 
0.00475 
0.00477 
0.001974 
0.00965 
0.00968 
0.000476 
0.000477 
0.002276 
0.002237 
0.00970 
0.00966 
0.000477 
0.002237 
0.00967 

0.070 
0.242 

+0.039 
+0.055 
+0.033 

0.005 
0.101 
0.052 
0.176 

G A S  
FLOW 
RATE 

[ i b/ s e r )  

0.00088 
0.00088 
0.00088 
0.00329 
0.00329 
0.0259 
0.0259 
0.00088 
0.00088 
0.00088 
0.00329 
0.00329 
0.0259 
0.0259 
0.00088 
0.00088 
0.00088 
0.00329 
0.00329 
0.0259 
0.0259 
0,00088 
0.00088 
0.00329 
0.0259 
0.0259 
0.00088 
0.00088 
0.00329 
0.00329 
0.0259 
0.0259 
0.00088 
0.00329 
0.0259 

MAXIMUM FRONT 
SURFACE 

TEMP RRATURE 
rFS E = 1 ( O F )  

2930 
3100 
30 10 
4340 
4340 
3980 
4260 
3125 
30 50 
3080 
4100 
4385 
4060 
4130 
2980 
3190 
2975 
3860 
3950 
3835 
3865 
2880 
30 10 
3520 
3435 
3425 
2800 
2980 
4060 
4180 
4035 
4190 

- 
SRI 
( 6 )  

2580 
2600 
3350 
3450 
3620 

2550 
2420 
2600 
3300 
3200 

- 

- 

- 
2460 
2540 
2300 
2950 
3000 
3540 
- 
2450 
2800 
3080 
3130 

2540 
3300 
3500 
3640 
3640 

- 

- 

- 

- 
RUN 

T I M E  
( s e c )  

- 
15.0 
30.3 
50.0 
15. 2 
6 . 1  

14.0 
33.0 
30.2 
15.3 
50.4 

6 .1  
15.0 
14.0 
33.0 
15.4 
30.2 
50.3 

6 . 1  
15.0 
14.0 
33.0 
30.0 
50 .2  
15 .1  
14.0 
33.0 
30.3 
50.0 

6 . 1  
15 .1  
14.0 
33.0 

- 

- 

- 

- 

~ 

CORE 
WEIGHT 

LOSS 
( g )  

0.158 
0.269 
0.323 
0.465 
0.264 
0.266 
0.515 
0.272 
0.162 
0.392 
0.222 
0.462 
0.310 
0.695 
0.136 
0.178 
0.349 
0.238 
0.537 
0.333 
0.732 
0.173 
0.228 
0.810 
0.534 
1.526 
0.259 
0.374 
0.208 
0.425 
0.265 
0.580 

0.131 I ::Oig 
0.205 

T r q m G -  0.369 0.029 

0.097 I 0,228 
0.113 0.151 
0.073 0.451 
0.115 0.025 + 0.151 0.049 

CHAR 
IHI CKNESS 

( i n .  1 

0.070 
0.105 
0.124 
0.182 
0.110 
0.115 
0.170 
0.125 
0.078 
0.168 
0.099 
0.148 
0.098 
0.090 
0.097 
0.133 
0.167 
0.089 
0.091 
0.077 
0.077 
0.123 
0.160 
0.030 
0.036 
0.019 
0.098 
0.122 
0.095 
0.181 
0.118 
0.172 

C ~ A R  
DENSITY 
l b / f t 3 )  

14.5 
14.3 
15.4 
17.2 
16.6 
17.5 
18.0 
16.6 
18.7 
17.7 
16.4 
17.2 
17.6 
19. 4 
13.8 
13 .1  
14. 2 
14. 1 
16.5 
16.8 
16 .1  
31.6 
28.6 
40.1 
38.9 
47.6 
14.6 
15.3 
16 .1  
17.7 
16.2 
16.5 

( 5 )  L - N  o p t i c a l  pyrometer ( 0 . 6 5 5  microns ) ;  viewed model through f r o n t  quartz p o r t ,  approximately 

( 6 )  SRl radiometer l o c a t e d  o u t s i d e  test chamber. 
1 8 "  t o  p l a n e  o f  model f ront .  

For t e s t  c o n d i t i o n  1 (h = 15,000. $ = 100) 
viewed model through f r o n t  p o r t ,  approximately 18' t o  p l a n e  o f  model f r o n t  sur face .  For 
remaining t w o  test  c o n d i t i o n s ,  model was vlewed through a s l d e  p o r t  40' t o  J e t  a x l s ,  thence  
o f f  f r o n t  mirror 40' t o  p lane  o f  model f r o n t  s u r f a c e .  
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T a b l e  8 - 1 2  

Ai REPORTED BY CORN 
R e p o r t  Dated  Sept  

T e f l o n  

Pheno l i c -Ny lon  
(75 l b / f t 3 )  

Lang le  Pheno l i c -Ny lo r  
Scout &4B 

Avcoat 5026-39 

r u n n e l  C a l i b r a t i o n  Pur 

llODEL 
NO. 

- 
r i i 8  

r121 

312~1  

312m 

I119 

- 

'12B6 

MODEL 

P ( a tm)  
C a l o r i m e t e r  

F a c i l  i t y  

~ 1108 10.3 

1067 I 1740 I 29.5 

;AS FLOW 
RATE 

1 b/ s e c )  

5.0 

5.0 

97.7 I 5700 

98.0 5860 

C o r n e l l  t r a n s i e n t  c a l o r i m e t e r ,  0 .3 - in .  nose  r a d i u s ,  h e m i s p h e r i c a l  s h a p e ,  0.090-in. d i a m e t e  
l o n g  OFHC copper  s l u g  p o t t e d  i n  0 .125- in .  
welded t o  back f ace .  

C o r n e l l  c a l o r i m e t e r ,  0 .25 - in .  nose  r a d i u s ,  hemisphe r i ca l  s h a p e ,  0 .150-in.  d i a m e t e r  by 0.506-111. l ong  
OFHC c o p p e r  s l u g  w i t h  0 .020- in .  l o n g  f l a n g e s  a t  each  end f o r  p r e s s  f i t  i n t o  0.160-111. d i a m e t e r  bo re .  
Shea thed  Ch-A1 exposed j u n c t i o n  the rmocoup le  i n s e r t e d  i n t o  0 .022- in .  
w i t h i n  0.020-in. from g a g e  f r o n t  f a c e  and g o l d  s o l d e r e d  i n  p l a c e .  Da ta  r e d u c t i o n  i s  by f i n i t e  d i f f e r -  
e n c e s  scheme on IBM computer. 
I d e n t i c a l  t o  ( 2 )  e x c e p t  f o r  0 .5 - in .  nose  r a d i u s .  
E s t i m a t e d  from t h e  r e l a t i o n  f u r n i s h e d  b y  C b r n e l l :  

d i a m e t e r  b o r e  w i t h  i n s u l a t i n g  cement ,  Ch-A1 the rmocoup le  s p o t  

d i a m e t e r  h o l e  from r e a r  o f  s l u g  t o  

9 = 0.3(HS - H,) a t  P = 1 0  atm and p = 0.55(Hs - Hw) 
a t  P = 30 atm. t2  

t 2  
Heat  f l u x  a d l u s t e d  t o  1 .25 - in .  f l a t  f ace :  

( 2 )  0.55 & ( 0 . 5 / 1 . 2 5 ) 0 * 5  = 0.348 i 2 ,  

E s t i m a t e d  from Run C1 and t h e  r e l a t i o n :  ;I = 0.0744 (PtZ/Reff)0 '5Ah.  

(1) 0.55 i , 0 .6 /1 .25 )0 '5  = 0.382 B, 
( 3 )  0.55 ,3 ( l . 0 /1 .2510*5  = 0.492 43 . 
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STAGNATION 
DENSITY 

P S  

L sl ugs/ f t 3 )  

0.00200 I ;:“Q: 
0.00201 

MACH 
NO. 
b3 

q 0.00188 

FREE STREAM 
DENSITY 

pm 
( s l u g s / f t 3 )  

0.00285 
0.00286 

0.00156 

0.00276 
0.00267 

0.00159 

0.00278 

0.0062 12.72 

DISTANCE 
ROTOR 

TOMODE 
( i n . )  

4 
4 

2.25 

4 
4 

2.25 

4 0.00194 ~ 

0.00195 

CORE 
WEIGHT 

LOSS 
( g )  

1.139 
2.674 

(8) 

0.611 
1.727 

2.903 

(8)  

(8)  
0.00202 3.67 

~ 

CORE 
CHAR 

WEIGHT 
( g )  

0.000 
0.000 

0.000 

FREE 
STREAM 

’RESSURE 
Pm 

( atm) 

0.549 
0.554 

3.00 

0.542 
0.517 

2.98 0.470 
0.535 

0.528 

0.530 

0.000 

FREE 
STREAM 

TEMPER- 
ATURE 

( O R )  

Tm 

2370 
2380 

2360 

2420 
2380 

2300 

2370 

2360 

2280 0.00286 4 

MAXIMUM 
FFiONT 

SURFACE 
TEMPER- 

ATURE 

TFS 
E = l  

(OF) 

(7) 

1080 
1290 

4030 
4400 

4400 

4200 

4050 

- 
RUN 

TIME 
( s e c )  

- 
2.0 
4.7 

4 . 0  

2.1 
6.0 

3.1 

4.1 
- 

4.0 

2.2 

- 

1 I 
{ECESSION THICKNESS 

CORE I CHAR 
( i n .  ) ( i n . )  

0.103 
0.241 

0.099 0.000 
0.280 0.000 

( 7 )  

( 8 )  Model d i s i n t e g r a t e d  d u r i n g  test. 

F a c i l l t y  Thermodot o p t i c a l  py romete r ;  views model f r o n t  s u r f a c e  th rough  r o t o r  t u b e s ,  1 . 6  t o  2.7 m ~ c r o n s .  
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APPENDIX C 

MODEL TEMPERATURE DATA 

T h i s  a p p e n d i x  c o n t a i n s  i n t e r n a l  a n d  e x t e r n a l  t e m p e r a t u r e  d a t a  r e -  

p o r t e d  by t h e  p a r t i c i p a t i n g  f a c i l i t i e s  f o r  t h e  m o d e l s  i n s t r u m e n t e d  w i t h  

t h e r m o c o u p l e s .  The d a t a  were t a k e n  f r o m  t h e  t e m p e r a t u r e  p l o t s  r e p o r t e d  

by t h e  f a c i l i t i e s ,  a n d  s u f f i c i e n t  d a t a  h a v e  b e e n  i n c l u d e d  t o  a l l o w  r e p r o -  

d u c t i o n  o f  t h e  o r i g i n a l  c u r v e s .  The t u n n e l  o p e r a t i n g  d a t a  f o r  e a c h  model  

may b e  o b t a i n e d  by c o n s u l t i n g  t h e  a p p r o p r i a t e  f a c i l i t y  d a t a  t a b l e  a n d  

model  number i n  Append ix  G. The v a r i o u s  m a t e r i a l s  a r e  d e s i g n a t e d  by t h e  

model p r e f i x  l e t t e r s  d e s c r i b e d  e a r l i e r .  
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I .  

A p p e n d i x .  C 
MODEL EXTERNAL AND INTERNAL TEMPERATURE DATA 

F A C I L I T Y  

~~ 

GDB- h e  s 

MPDB- Ames 

MPDB- Ames 

AMPD -Ian gl ey 

MODEL 
NO.  

'49 3 

A84 

A85 

A9( 

- 

I N IT1 AL 
THERMO- 
COUPLE 

D I S T A N C E  
ROM MODEL 
RONT F A C E  

(in. 1 
(1) 

0.113 

0.226 

0 .330  

0 .104  

0 .222  

0. 305 

0.410 

0. 103 

0 .211  

0 .321  

0 .424  

0.107 

HERMO- 
:OUPLE 
iMPERA- 

T U R E  
R I S E  
( O F )  

( 2 )  

80 
370 
790 

1280 
1680 
1930 
2410 

50 
90 

170  
300 
450 
550 

60 
80 

120 
30 

170 
5 40 

1130 
1590 

20 
75 

280 
6 30 

1110 
1 0  
20 
50 

120 
240 

5 
20 
35 
20 

230 
690 

1590 
2070 
10 
15 
50 

140  
10 
15 
20 

120 
130 

5 
10 
20 
20 
20 
25 
30 
70 

150 
3 20 
7 90 
1420 - 

152  

- 
T I M E  
[set) 

- 
5 

10 
15  
20 
25 
30 
40 
30 
40 
50 
60 
70 
75  
50 
60 
70 

5 
1 0  
15  
20 
25 
1 0  
20 
30 
40 
50 
10 
20 
30 
40 
50 
10 
30 
50 

4 

12 
1 6  
2c 

1: 
2c 

1: 
2( 
2: 

a 

E 

12 

li 
C 

1 

li 
I! 
I! 
21 
2! 

4 
I 

11 
1 
1 

FRONT 
S U R F A C E  

TEMPERA- 
T U R E  

i = 1 ( O F )  

( 3 )  

2660 
2760 
2790 
2830 
2850 
2880 
2900 

2930 
2900 
2930 

2700 
30 10 
3150 
3220 
3280 

39 20 

CHAR, 
V I R G I N  
IATERI AL 
UTERFACE 
'EMPERA- 

T U R E  
( O F )  
( 4 )  

1190 

aoo  

1380 

1280 

1460 

[ME CHAR 
l T E R F A C E  
P A S S E D  
FHERMO- 
COUPLE 
( s e c )  

20 

60 

22 

50 

16 

li d 



A p p e n d i x  C ( C o n t i n u e d )  

F A C I L I T Y  

AMPD- Langley 

Aerotherm 

G i  a n n i n i  

Mar t in  

MODEL 
NO. 

A90 

A98 

A9 4 

A9 5 

- 

( i n .  1 
(1) 

0.209 

0 .311  

0.420 

0 .113  

0 .215  

0 .313  

0 .424  

0 . 1 0 1  

0 .213  

0 .103  

0 .216  

0.314 

0.415 

THERMO- 
COUPLE 

TEMPERA- 
TURE 
R I S E  
( O F )  

( 2 )  

40 
70 

140 
27 0 
580 

5 
40 
70 

200 
5 

50 
100 
48 0 
960 

1430 

40 
130 
360 
81 0 

1400 
20 

130 
5 30 

1310 
10 
30 

110 
300 
820 

5 
30 

190 
360 
8 10 

1210 
1660 

10 
120 
290 
60 0 

1090 
30 

200 
410 
660 
910 

1200 
60 

170 
3 30 
5 20 
7 30 

10 
60 

20 0 
390 
6 30 

10  
90 

370 

-- 

18 20 

153 

- 
T I M E  
( s e c )  

- 
6 
8 

10 
1 2  
1 4  

5 
10 
15 
20 
10 
20 

5 
10 
15 
20 
25 
10 
20 
30 
40 
50 
20 
40 
60 
80 
20 
40 
60 
80 

100 
2 
5 
8 

10 
1 3  
15  
18 
10 
20 
25 
30 
35 

5 
10 
15  
20 
25 
30 
20 
30 
40 
50 
60 
20 
40 
60 
80 

100 
40 
80 

120 
- 

FRONT 
S U R F A C E  

TEMPERA- 
T U R E  

E = 1 ( O F )  

( 3 )  

2700 
28 i o  

2860 

2910 
2950 
3000 

3170 
3170 

2450 
2800 
2950 
3100 

3160 

3210 

3360 

2370.  

2500 

2600 

2620 

2600 
26 20 

CHAR, 
V I R G I N  

MATER1 AL 
[NTERFACE 

T U R E  
( O F )  

( 4 )  

1900 

TEMPERA- 

1490 

1140 

990 

990 

1160 

1070 

1190 

1060 

-- 
r I M E  CHAR 
INTERFACE 

P A S S E D  
THERMO- 

COUPLE 
( s e c )  

16.8 

20 

46 

72  

104  

14 .4  

34 

29 

72  



F A C I L I T Y  

Space  Genera l  

GDB- Ames 

MPDB -Am e s  

MPDB- Ames 

- 
MODEL 

NO. 

A97 

PLL96 

'LL87 

PLL8 9 

- 

Append ix -C  ( C o n t i n u e d )  

I N I T I A L  
THERMO- 
COUPLE 

D I S T A N C E  
ROM MODEL 
RONT FACE 

(in. 1 
(1) 

0.110 

0 .203  

0 .094  

0.226 

0.328 

0.426 

0.095 

0.220 

0.310 

0 .149  

0.234 

0 .332  

0 .438  

THERMO- 
COUPLE 
EMPERA- 

T U R E  
R I S E  
(OF) 

( 2 )  

70 
290 
690 

1250 
1700 

70 
140 
260 
4 50 
670 
9 40 

1200 
50 

100 
250 

80 
250 
640 

1170 
1580 

50 
200 
400 
6 20 

1140 
60 

100 
110 
170 

10 
50 
90 
10 
50 

170 
37 0 
630 

10 
50 
80 

130 
250 

5 
1 0  
40 
80 
90 
20 
40 
90 

220 
480 
880 

5 
1 5  
30 
50 

5 
10 
15 
20 

5 
10 
1 5  
20 

154 

- 
'IME 
s e c )  

- 
5 

10 
15 
20 
25 
15 
20 
25 
30 
35 
40 
45 
30 
40 
50 

5 
10 
1 5  
20 
25 
20 
40 
50 
60  
70 
30 
50 
60 
70 
30 
50 
90 

5 
10 
15  
20 
25 
1 0  
20 
30 
40 
50 
10 
20 
30 
40 
50 

4 
8 

12 
16 
20 
24 

5 
10 
15  
20 

5 
10 
1 5  
20 

5 
10 
1 5  
20 

FRONT 
IURFACE 
EMPERA- 

T U R E  
= r ( O F )  

( 3 )  

2950 

3000 

3050 

3070 
3100 

2400 
2590 
2690 
2770 
28 40 

2990 
3040 
3020 
30 20 

- 

V I R G I N  
IATERI AL 
Vf ERFACE 
'EMP ERA- 

( 4 )  

1000 

1050 

1200 

1140 

800 

1320 

IME CHAR 
VTERFACE 
P A S S E D  
THERMO- 
COUPLE 
(see) 

17.5  

41 .5  

20 

70 .5  

25.5 

25 



Appendix  C ( C o n t i n u e d )  

I N I T I A L  
THERMO- 
COUPLE 

D I S T A N C E  
'ROM MODEL 
'RONT FACE 

( i n .  1 
(1) 

0 .114  

0.198 

0 .314  

0 .095  

0.220 

0. 310 

0.399 

0.119 

0.220 

0.111 

0 .221  

0 .314  

0.415 

T H  ERMO- 
COUPLE 

TEMPERA- 
T U R E  
R I S E  
( O F )  

( 2 )  

70 
110 
28 0 
7 20 

1430 
70 

100 
310 
6 40 

1280 
30 
70 
80 
50 

250 
650 

1180 
1600 

20 
70 

120 
250 
510 

40 
70 

150 
500 

1600 
40 
70 

110 
170 
820 

10 
180 
950 

1450 
15  
70 

130 
360 
960 

20 
70 

130 
180 
290 

1150 
40 

140 
300 
560 

1010 
20 
50 
90 

160 
380 

30 
80 

170 

155 

- 
T I M E  
( s e c )  

- 
4 
6 
8 

10 
12  
10 
15 
20 
22 
24 
15  
20 
25 
5 

10 
15  
20 
25 
10 
20 
30 
40 
50 
20 
40 
60 
80 

100 
20 
40 
60 
80 

100 
5 

10 
1 5  
20 
10 
20 
25 
30 
35 

5 
10 
1 5  
20 
30 
40 
20 
40 
60 
80 

100 
20 
40 
60 
80 

100 
40 
80 

120 
- 

FRONT 
S U R F A C E  

TEMPERA- 
T U R E  

~ = l  ( O F )  

( 3 )  

3940 

2750 

2880 

2900 
2960 
3050 

31 30 

3100 
3450 
3420 
3580 

3610 
367 0 
3660 

2200 

2320 

2460 

2560 
2640 
2700 

CHAR, 
V I R G I N  

MATERIAL 
[NTERFACE 
TEMPERA- 

T U R E  
( O F )  
( 4 1  

1400 

1420 

1060 

98 0 

940 

1200 

800 

980 

840 

r I M E  CHAR 
[NTERFACE 

P A S S E D  
THERMO- 
COUPLE 
( s e c )  

11.6  

24. 2 

19 

58 

89  

16 .2  

33.4 

35 

9 1  

J * 



I C  

Append ix  C ' ( C o n t i n u e d )  

F A C I L I T Y  

Space General 

GDB-Ames 

MPDB- h e  s 

UPD-Langley 

MODEL 
NO. 

PLL94 

PLH98 

PLH97 

PLH93 

I N I T I A L  
THERMO- 
COUPLE 

D I S T A N C E  
FROM MODEL 
FRONT FACE 

( i n .  1 
(1) 

0.104 

0 .211  

0 .284  

0 .115  

0.212 

0 .314  

0 .431  

0 .115  

0 .212  

0 .314  

0 .431  

0 .114  

0.216 

0.309 

THERMO- 
COUPLE 

TEMPERA- 
TURE 
R I S E  
( O F )  

( 2 )  

2070 

10 
30 
50 

2 
10 
25 
20 

5 

100 

156 

- 
T I M E  
( s e c )  

- 
5 

10 
15  
20 
25 
20 
30 
40 
50 
30 
40 
50 

5 
10 
15  
20 
25 
30 
40 
30 
40 
50 
60 
70 
75 
40 
50 
60 
70 
30 
50 
70 

5 
10 
15  
20 
25 
30 
35 
10 
20 
30 
40 
50 
10 
30 
50 
10 
30 
50 

4 
6 
8 

10 
1 2  
10 
15 
20 
25 
20 
25 
30 - 

FRONT 
SURFACE 

TEMPERA- 
T U R E  

r = l  ( O F )  

( 3 )  

2800 
2860 
2900 
2920 

2940 
2960 
3010 

2440 
2650 
2740 
2800 
2840 
2880 
2940 

2980 
3040 
3060 

3940 

CHAR, 
V I R G I N  

MATER1 AL 
[NTERFACE 
TEMPERA- 

TURE 
( O F )  
( 4 )  

960 

1000 

1170 

1100 

840 

1540 

1440 

'IME CHAR 
NTERFACE 
P A S S E D  

COUPLE 
( s e c )  

THERMO- 

21 

68 

28 

62 

30 

12.6 

27.6 

Y 



F A C I L I T Y  

G i a n n i n i  

Mart in  

;pace G e n e r a l  

;DB- Arne s 

MPDB -Arne s 

- 
MODEL 

NO. 

- 
PLH90 

PLH9 1 

PLH94 

SP96 

9 8  5 

- 

A p p e n d i x  -C ( C o n t i n u e d )  

I N I T I A L  THERMO- 
COUPLE 

TEMPERA- 
TURE 
R I S E  
( O F )  

0.205 

0.115 

0.211 

0.313 

0.405 

0.111 

0.211 

0.095 

0.220 

0.337 

0.405 

0.120 

870 
1400 
10 
40 
90 
160 
260 
90 
150 
250 
380 
5 10 
8 90 
1280 
30 
140 
300 
590 
10 
20 
70 
130 
2 40 
10 
40 
130 
110 
270 
5 20 
850 
1280 
40 
130 
240 
440 
50 
170 
310 
490 
8 40 
1120 
1280 
100 
150 
200 
280 
350 
400 
20 
60 
100 
10 
20 
50 
60 
2 10 
5 20 
1160 
1680 

- 
T I M E  
[ s e c )  

5 
10 
15 
20 
25 
10 
20 
25 
30 
35 
10 
15 
20 
25 
30 
40 
50 
20 
40 
60 
SO 
20 
40 
60 
80 
100 
40 
80 
120 
10 
15 
20 
25 
30 
20 
30 
40 
50 
5 
10 
15 
20 
30 
40 
50 
30 
40 
50 
60 
70 
75 
30 
50 
70 
30 
50 
70 
5 
10 
15 
20 
25 - 

FRONT 
SURFACE 

TEMPERA- 
TURE 

~ = 1  ( O F )  

( 3 )  

2300 
2750 
2950 
3130 
3200 

3300 
3370 
2160 

2250 

2380 

2480 

2560 
2640 

2750 
2840 
2900 
2940 
2940 

2960 
2970 
2540 
2540 
2540 
2510 
2470 
2430 
2400 

2360 
2340 

2610 
2850 
2880 
2890 
28 90 

CHAR, 
V I R G I N  

MATERIAL 
INTERFACE 
TEMPERA- 

TIIRE 
( O F )  
( 4 )  

960 

1130 

1160 

1060 

1190 

1280 

IME CBAR 
NTERFACE 
P A S S E D  

THERMO- 
COUPLE 

( s e c )  

19.6 

45 

101 

27 

41.5 

20.5 

157 



A p p e n d i x  C ( C o n t i n u e d )  

c 

F A C I L I T Y  

PDB-Ames 

1PDB-Ames 

4MPD Langley 

Aerotherm 

Mar t in  

- 
DDEL 
NO. 

9 8 9  

SP8 E 

SP9 

SP9 

SP! 

- 

I N I T I A L  
THERMO- 
COUPLE 

D I S T A N C E  
'ROM MODEL 
'RONT FACE 

(in. 1 
(1) 

0 .241  

0 .311  

0 .421  

0 .099  

0.207 

0 .325  

0.416 

0 .085  

0.189 

0.101 

0 .208  

0 .303  

0 .409  

0.097 

'HERMO- 
COUPLE 
EMPERA- 

T U R E  
R I S E  
( O F )  

( 2 )  

5 
10 
25 
50 
75  

2 
4 
6 
2 
4 
6 

60  
210 
410 
680 

1020 
1300 

40 
110 
240 
46 0 
740 

10 
30 
70 

5 
10 
20 
20 

110 
280 
58 0 

1000 
1510 

20 
70  

170 
410 
100 
350 
600 

20 
50 

100 
200 
310 
420 

20 
60 

140 
250 
330 

20 
50 

100 
140 
210 

70  
2 20 
340 
47 0 
550 
610 

158 

- 
r I M E  
s e c )  

- 
5 

10 
15  
20 
25 

5 
1 5  
25 

5 
1 5  
25 

5 
10 
15 
20 
35 
30 
10 
20 
30 
40 
50 
10 
30 
50 
1 0  
30 
50 

2 
4 
6 
8 

10 
12  
10 
15 
20 
25 

5 
10 
15  
10 
20 
30 
40 
50 
60 
20 
40 
60 
80 

100 
20 
40 
60 
80 

100 
10 
20 
30 
40 
50 
60 
- 

FRONT 
SURFACE 
EMPERA- 

TURE 
= 1  ( O F )  

( 3 )  

3600 

2140 
2280 

2290 
2270 
2260 
2250 
2240 

2230 
2290 

2320 

2380 

CHAR, 
V I R G I N  
A T E R I A L  
YTERFACE 
'EMPERA- 

TURE 

( 4 )  

1020 

1580 

1440 

1190 

7 40 

[ME CHAR 
lTEREACE 
P A S S E D  
THERMO- 
COUPLE 
( s e c )  

24 

12 .6  

30.6 

38 

62 



F A C I L I T Y  

Martin 

Giannini 

Space General 

GDB -Arne s 

MPDE- Arne s 

MODEL 
NO. 

SP9l  

SP90 

SP94 

%39 

5x35 3 

Appendi> 

I N I T I A L  
TH ERMO- 
COUPLE 

D I S T A N C E  
'RON MODEL 
%ONT FACE 

( i n .  ) 
(1) 

0.198 

0 .314  

0 .411  

0.099 

0.216 

0.097 

0.189 

0 .091  

0.220 

0.318 

0.407 

0.099 

0.211 

0.308 

0.411 

, 
: (Cont inued  

THERMO- 
COUPLE 

'EMPERA- 
T U R E  
R I S E  
( O F )  

( 2 )  

40 
160 
320 
48 0 

20 
120 
260 

10 
50 

120 
20 

200 
500 

1000 
1400 

30 
100 
80 

210 
450 
770 

1070 
1300 
1460 

50 
140 
250 
37 0 
2 50 
6 10 

1020 
1410 
1670 

130 
270 
430 
590 
790 
980 

1040 
90 

150 
210 
300 
390 

40 
100 
160 
190 
560 

1080 
1620 
1960 

10 
35 
90 

190 
310 

5 
30 
60 

2 
10 
25 

159 

T I M E  
( s e c )  

- 
20 
40 
60 
80 
40 
80 

120 
40 
80 

120 
5 

10 
15 
20 
25 
20 
30 

5 
10 
15 
20 
25 
30 
35 
20 
30 
40 
50 

5 
10 
15  
20 
25 
20 
30 
40 
50 
60 
70 
75 
30 
40 
50 
60 
70 
30 
50 
70 

5 
10 
15 
20 
25 

5 
10 
15 
20 
25 

5 
15 
25 

5 
15 
25 
- 

FRONT 
SURFACE 

TURE 
E = 1 (OF) 

TEMPERA- 

( 3 )  

2390 

2400 

2600 
2800 
2850 
3000 

3000 
2720 
2800 
2840 
2870 
2900 
2920 
2940 

2950 
2960 
2540 
2590 
2600 
2600 

2610 
2630 
2640 
2650 
2650 

2680 
2780 
2840 
2870 
2870 

CHAR, 
V I R G I N  

MATER1 AL 
I N T E R F A C E  
TEMPERA- 

T U R E  
( O F )  
( 4 1  

1340 

1460 

1540 

1240 

' IME CHAR 
NTERFACE 
P A S S E D  

COUPLE 
t s e c )  

THERMO- 

22.7 

33 .5  

26.5 

14  

e 



FACILITY 

IPDB- Ames 

4MPD-Lang l e y  

Martin 

Space General 

- 
IODEL 
NO. 

- 
sG5 1 

sG49 

3346 

sG48 

Appendix  C ( C o n t i n u e d )  

I N I T I A L  

COUPLE 
DISTANCE 
ROM MODEL 
RONT FACE 
(in. ) 
( 1 )  

0.089 

THERMO- 

0.215 

0.313 

0 .405  

0.110 

0 .205  

0 .288  

0 .114  

0.218 

0.399 

0.168 

0 .191  

'HERMO- 
COUPLE 
EMPERA- 

TURE 
R I S E  
( O F )  

( 2 )  

100 
590 

1100 
1440 
1650 

40 
130 
300 
530 
800 

10 
20 
60 

110 
170 

5 
10 
20 
40 
60 
30 

190 
430 
770 

1220 
5 

65 
220 
550 

5 
25 
80 

190 
80 

160 
250 
700 

1220 
1610 

100 
210 
340 
490 
8 30 

1160 
130 
310 
550 
900 

40 
180 
450 

80 
330 
690 

1100 
1450 

50 
200 
440 
710 
960 

- 
I'IME 
s e c )  

- 
5 

10 
15 
20 
25 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 

2 
4 
6 
8 

1 0  
5 

10 
15 
20 
10 
15 
20 
25 

2 
4 
6 
8 

10 
15  

5 
10 
15  
20 
30 
40 
20 
40 
60 
80 
40 
80 

120 
10 
20 
30 
40 
50 
10 
20 
30 
40 
50 
- 

FRONT 
SURFACE 

TURE 
- =  1 ( O F )  

TEMPERA- 

( 3 )  

2570 

2240 

2300 

2320 

2340 
2360 

2700 
2780 
2850 
2920 
2980 

CHAR, 
VIRGIN 
ATERI AL 
(TERF AC E 
EMPERA- 

TURE 
( O F )  
( 4 )  

1520 

1840 

1440 

1410 

1300 

1250 

[ME CHAR 
4TERFACE 
PASSED 
THERMO- 
COUPLE 
( s e c )  

19 .2  

12 .4  

23.4 

47 

45 

60 

D 



.. 

FRONT 
SURFACE 

TEMPERA- 
TURE 

E = 1  ( O F )  

( 3 )  

A p p e n d i x  C ( C o n c l u d e d )  

CHAR, TIME CHAR 
VIRGIN INTERFACE 

MATERIAL PASSED 
INTERFACE THERMO- 
TEMPERA- COUPLE 

TURE ( s e c )  
( O F )  

( 4 )  

I N I T I A L  
THERMO- 
COUPLE 

DISTANCE 
'ROM MODEL 
'RONT FACE 

( i n . )  
( 1 )  

0 .310  

0 .101  

0 .215  

120 
500 
940 

1500 
1900 

R I S E  

130 
230 

5 
10 
15 
20 
25 

(1) Thermocouple  d l s t a n c e  from o r i g i n a l  model f a c e  d e t e r m l n e d  from X-ray  p h o t o g r a p h s .  

( 2 )  Thermocounle  t e m p e r a t u r e  minus  o r i g i n a l  s t a r t i n g  model t e m p e r a t u r e  a t  t h e  t i m e  i n d i c a t e d  

( 3 )  F r o n t  s u r f a c e  t e m p e r a t u r e  measured  w i t h  f a c i l i t y  o p t i c a l  p y r o m e t e r  a t  t h e  time i n d i c a t e d  

( 4 )  

i n  a d j a c e n t  column. 

i n  t h e  p r e c e d i n g  column. 

C h a r  back  f a c e  and v i r g i n  m a t e r i a l  i n t e r f a c e  t e m p e r a t u r e  d e t e r m i n e d  by method d e s c r i b e d  
i n  S e c t i o n  1 v - C .  
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A P P E N D I X  D 

SUMMARY OF PHASE I I CORRELATION DATA 

T h i s  a p p e n d i x  t a b u l a t e s ,  by m a t e r i a l ,  i n f o r m a t i o n  c a l c u l a t e d  f rom 

t h e  d a t a  i n  A p p e n d i c e s  B and  C .  T h i s  i n f o r m a t i o n  was u s e d  i n  p r e p a r i n g  

t h e  v a r i o u s  g r a p h s  and  c o r r e l a t i o n s  a p p e a r i n g  i n  t h i s  r e p o r t .  Where 

m u l t i p l e  r u n s  a r e  shown,  by l i s t i n g  more t h a n  one model number on t h e  

same l i n e ,  t h e  v a l u e s  r e p r e s e n t  a v e r a g e s  of  t h e  a v a i l a b l e  d a t a .  
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P DE 

APPENDIX E 

D I MENS I ONLESS CORRELAT I ON OF PREV I OUS DATA 

T h i s  a p p e n d i x  p r o v i d e s  a d i m e n s i o n a l  a n a l y s i s  o f  a b l a t i o n  v a r i a b l e s  

and s u g g e s t s  s e v e r a l  a p p r o a c h e s  t o  c o r r e l a t i n g  mass  l o s s  d a t a .  T h e s e  a p -  

p r o a c h e s  a r e  u s e d  t o  i n t e r p r e t  d a t a  f r o m  t h e  P h a s e  I r o u n d  r o b i n  a n d  t o  

compare  them w i t h  d a t a  f rom t h e  a b l a t i o n  l i t e r a t u r e .  

A.  D i m e n s i o n a l  A n a l y s i s  o f  Mass L o s s  D a t a  

The  c o r r e l a t i o n  d a t a  g i v e n  i n  T a b l e  I of  t h e  P h a s e  I r e p o r t ’  showed 

some i n t e r e s t i n g  s i m i l a r i t i e s  b e t w e e n  t h e  power f u n c t i o n s  f o r  T e f l o n  and 

h i g h - d e n s i t y  p h e n o l i c - n y l o n .  For  e a c h  c o r r e l a t i o n  u s e d ,  e x c e p t  w h e r e  t h e  

e x p o n e n t s  were a d j u s t e d  ( s e e  R e f .  1,  T a b l e  I ,  N o t e  4), t h e  e x p o n e n t s  on 

t h e  h e a t i n g  r a t e  m e a s u r e d  by t h e  SRI c a l o r i m e t e r  w e r e  i d e n t i c a l  o r  v a r i e d  

by l ess  t h a n  5 p e r c e n t .  The e x p o n e n t s  on t h e  s t a g n a t i o n  p r e s s u r e  h a d  

g r e a t e r  s p r e a d  b u t  w e r e  l e s s  c r i t i c a l .  I t  was t h e r e f o r e  c o n s i d e r e d  t h a t  

a c o r r e l a t i o n  m i g h t  be  t h e  same f o r  b o t h  T e f l o n  and h i g h - d e n s i t y  p h e n o l i c -  

n y l o n  a n d  t h a t  o n l y  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  wou ld  d i f f e r  b e c a u s e  of  

d i f f e r e n c e s  i n  m a t e r i a l  p a r a m e t e r s .  

A d i m e n s i o n a l  a n a l y s i s  o f  t h e  t y p e  d e s c r i b e d  by Buckingham was t h e r e -  

f o r e  u n d e r t a k e n .  The a n a l y s i s  c o n s i d e r e d  two t y p e s  o f  v a r i a b l e s :  t h o s e  

p e r t a i n i n g  t o  t h e  model  and t h o s e  p e r t a i n i n g  t o  t h e  e n v i r o n m e n t  t o  w h i c h  

t h e y  a r e  e x p o s e d .  The model  v a r i a b l e s  i n c l u d e :  

6 ,  = t o t a l  mass  l o s s  r a t e - l b / f t 2  s e c  

R e f f  = e f f e c t i v e  r a d i u s  o f  c u r v a t u r e - f t  

AH, = o v e r a l l  h e a t  o f  d e c o m p o s i t i o n  r e q u i r e d  t o  c o n v e r t  
t h e  o r i g i n a l  a b a l a t i o n  m a t e r i a l  t o  g a s e o u s  e n d  p r o d -  

u c t  s--Btu/lb* 

* The a b b r e v i a t i o n  l b  w i l l  a lways be used t o  d e s i g n a t e  pound mass bu t  pound f o r c e  when comblned wi th  
t h e  word “ f o r c e  . ” 
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The  e n v i r o n m e n t a l  v a r i a b l e s  a r e :  

= c o l d  w a l l  h e a t  t r a n s f e r  r a t e - B t u / f t 2  s e c  

= mode l  s t a g n a t i o n  p r e s s u r e - a t m  

g C W  

p t  2 
Ah = e n t h a l p y  p o t e n t i a l ;  s t r eam e n t h a l p y  m i n u s  

c o l d  w a l l  e n t h a l p y - B t u / l b  

S, = p r o p o r t i o n a l i t y  c o n s t a n t  i n  F a y - R i d d e l l  
r e l a t i o n ,  s e e  e q u a t i o n  ( 5 ) - f t 1  sec  
a tmo * 5 / i b  

T h i s  l a s t  v a r i a b l e  i s  shown by F a y - R i d d e l 1 7  t o  b e  g i v e n  by t h e  f l u i d  

p r o p e r t i e s  o f  t h e  g a s  s t r e a m ,  a s  f o l l o w s :  

w h e r e  p ,  p ,  a n d  p a r e  p r e s s u r e ,  d e n s i t y ,  a n d  v i s c o s i t y ,  r e s p e c t i v e l y ;  

t h e  s u b s c r i p t s  c ,  s ,  a n d  d e n o t e  f r o n t  e d g e  o f  c h a r  l a y e r ,  f r o n t  e d g e  

o f  b o u n d a r y  l a y e r ,  a n d  f r e e  s t r e a m ,  r e s p e c t i v e l y ;  a n d  

Here N L e  a n d  N P r  a r e  t h e  L e w i s  a n d  P r a n d t l  n u m b e r s  f o r  t h e  g a s ,  H, i s  

t h e  h e a t  o f  d i s s o c i a t i o n  ( a n d  i o n i z a t i o n ) ,  

e n t h a l p y  o f  t h e  g a s .  For t h e  f l u i d  p r o p e r t i e s  o f  a i r  u n d e r  t h e  u s u a l  

r a n g e  o f  r e e n t r y  c o n d i t i o n s ,  

a n d  h s  i s  t h e  s t a g n a t i o n  

t h e  n u m e r i c a l  v a l u e  o f  S, = 2 4 ( = 1 / 0 . 0 4 1 7 ) .  

The  term AH, i s  a c t u a l l y  a n  a v e r a g e  e x p r e s s i o n  o f  a l l  t h e  t h e r m a l  

a n d  c h e m i c a l  p a r a m e t e r s  d e s c r i b i n g  t h e  p y r o l y s i s  o f  e a c h  s p e c i f i c  

a b l a t i n g  m a t e r i a l .  As s u c h  i t  i n c l u d e s ,  i n  a c o m p l e x  m a n n e r ,  s u c h  v a r i -  

a b l e s  a s  c h a r  a n d  v i r g i n  p o l y m e r  d e n s i t y ,  t h e r m a l  c o n d u c t i v i t y ,  s p e c i f i c  

h e a t ,  h e a t s  o f  p y r o l y s i s ,  t h e r m a l  p r o p e r t i e s  o f  t h e  g a s  p r o d u c t s ,  e t c .  

T h e  a b o v e  mode l  a n d  e n v i r o n m e n t a l  v a r i a b l e s  m u s t  n e x t  b e  e x p r e s s e d  

i n  terms o f  as  f e w  d i m e n s i o n s  a s  p o s s i b l e ,  e . g . ,  m a s s ,  l e n g t h ,  a n d  t i m e .  

T h i s  c a n  b e  d o n e  by  u s i n g  t h e  a p p r o p r i a t e  c o n v e r s i o n  f a c t o r s ,  as  f o l l o w s :  

1 7 2  



I .  

VARIABLE UNITS CONVERTED 
VARIABLE 

l b / f t 2  sec 

f t  

B tu / lb  

B t u / f t 2  sec 

atm 

Btu / lb  

f t 1 . 5  sec a tm0 '5 / lb  

where  

2 
g c  = 3 2 . 1 7  l b  f t / l b  f o r c e  s e c  

J m  = 778 l b  f o r c e  f t / B t u  

F P  = 
2116 l b  f o r c e / f t 2  a tm . 

l b / f t 2  sec 

f t  

f t  2/ sec 

1 b/ se c 

l b / f t  see2 

f t '/ sec' 

f t 2 / l b  

( E -  3A) 

For  c o n v e n i e n c e  t h e s e  c o n v e r s i o n  f a c t o r s  c a n  be  combined  as  

K = ( J rngc )oa5 /Fpgc  = 2.325 x IOm3 f t 2  atm s e c / l b 0 . 5  Btu0e5 ( E - 3 B )  

A c c o r d i n g  t o  t h e  R a y l e i g h  r u l e ,  l9 t h e s e  s e v e n  d i m e n s i o n a l  v a r i a b l e s  

( t h e  c o n v e r s i o n  c o n s t a n t s  d o  n o t  c o u n t )  c a n  b e  combined  i n t o  f o u r  d i m e n -  

s i o n l e s s  g r o u p s  (number  o f  v a r i a b l e s ,  7 ,  minus  number o f  d i m e n s i o n s ,  3 ) .  

The mos t  c o n v e n i e n t  f o r m s  o f  t h e s e  were f o u n d  t o  b e  

The l a s t  d i m e n s i o n l e s s  g r o u p  i s  a c t u a l l y  t h e  F a y - R i d d e l l  r e l a t i o n  when 

rf i s  u n i t y .  T h u s ,  t h i s  g r o u p  i s  e q u a l  t o  u n i t y  u n d e r  s u p e r s o n i c  f l o w  

c o n d i t i o n s .  

1 7 3  



1 

U s i n g  t h e  same t y p e  o f  power f u n c t i o n  a s  t h a t  u s e d  i n  t h e  c o r r e l a t i o n s  

i n  t h e  P h a s e  I r e p o r t ’ ,  a s i m p l e  r e l a t i o n  b e t w e e n  t h e s e  g r o u p s  i s  

nm = a n n n m n ~  ( E - 8 )  0 9 P  

Under  s u p e r s o n i c  c o n d i t i o n s  t h i s  r e d u c e s  t o  

nm = a nnnm 
O q P  * 

E x p a n s i o n  o f  ( E - 9 )  i n  d i m e n s i o n a l  terms l e a d s  t o  

( E - 9 )  

m t  

F o r  c o n s t a n t  e f f e c t i v e  r a d i u s *  a n d  m a t e r i a l ,  t h i s  r e d u c e s  t o  

( E - 1 1 )  

w i t h  

E q u a t i o n  ( E - 1 1 )  i s  i d e n t i c a l  t o  t h e  c o r r e l a t i o n  g i v e n  i n  E q u a t i o n  ( 2 2 )  

o f  t h e  P h a s e  I R e p o r t . ’  T h e r e f o r e ,  t h e  d a t a  f rom t h a t  r e p o r t  c a n  be  u s e d  

i n  t h e  d i m e n s i o n a l  c o r r e l a t i o n .  

B. I n t e r p r e t a t i o n  o f  R e s u l t s  f o r  H i g h - D e n s i t y  A b l a t i o n  M a t e r i a l s  

1. Combined C o r r e l a t i o n  f o r  T e f l o n  and  P h e n o l i c - N y l o n  

The s i m i l a r i t y  b e t w e e n  t h e  v a l u e s  o f  n for t h e  T e f l o n  a n d  p h e n o l i c -  

n y l o n  c o r r e l a t i o n s  i n  t h e  P h a s e  I r e p o r t  l e d  t o  a n  a t t e m p t  t o  combine  

t h e s e  d a t a  i n t o  a s i n g l e  c o r r e l a t i o n .  T h i s  r e q u i r e d  a t w o - s t e p  p r o c e s s  

w h i c h  was i t e r a t i v e l y  p e r f o r m e d  on a c o m p u t e r .  F i r s t ,  v a l u e s  of  n and 

m were a s sumed .  The c a l c u l a t e d  v a l u e s  f o r  t h e  SRI c a l o r i m e t e r  ( c o l d w a l l  

h e a t i n g  r a t e ) ,  a n d  i n c l u d i n g  G i a n n i n i  and  M a r t i n  d a t a ,  were f rom t h e  

P h a s e  I c o r r e l a t i o n  

* The va lue  of Reff  f o r  t h e  Phase I r o u n d  r o b i n  was 0.172 f t .  
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AVERAGE PHENOLIC 
NYLON TEFLON 

n 0.57 0 . 5 5  0.56 
rn 0.25 0 . 1 3  0.19 
a 0.0060 0.0018 

I n  t h e  f i r s t  s t e p ,  t h e  a v e r a g e  v a l u e s  o f  n and m were u s e d  i n  t h e  

r e g r e s s i o n  p r o g r a m  t o  c a l c u l a t e  t h e  v a l u e  o f  “ a ”  i n  E q u a t i o n  ( E - 1 1 )  f o r  

t h e  fo rm s h o w i n g  t h e  h i g h e s t  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  

T e f l o n  d a t a ;  s i m i l a r l y  t h e  b e s t  v a l u e  o f  “ a ”  f o r  t h e  p h e n o l i c - n y l o n  d a t a  

was  c a l c u l a t e d .  For  m o d e l s  o f  t h e  same e f f e c t i v e  r a d i u s ,  E q u a t i o n  ( E - 1 2 )  

shows t h a t  

Based  on Chapman’s  work”, 

t a k e n  t o  be  940  B t u / l b .  E q u a t i o n  ( E - 1 3 )  t h e n  p e r m i t t e d  c a l c u l a t i o n  o f  

(AH,),  f rom t h e  t w o  v a l u e s  o f  “ a ” .  

t h e  h e a t  of  d e c o m p o s i t i o n ,  AH,, f o r  T e f l o n  was 

I n  t h e  s e c o n d  s t e p ,  t h e  v a l u e s  o f  n m ,  n and  n w e r e  c a l c u l a t e d  f o r  
4 ’  P 

b o t h  T e f l o n  a n d  p h e n o l i c - n y l o n ,  

t h e  r e g r e s s i o n  p r o g r a m  was  u s e d  t o  c a l c u l a t e  new v a l u e s  o f  n and  m ,  and 

a l s o  a. f o r  t h e  c o m b i n e d  d a t a .  

i n i t i a l l y  a s s u m e d ,  t h e  i t e r a t i o n  was s t o p p e d ;  o t h e r w i s e  t h e s e  were u s e d  

a s  t h e  new i n p u t  t o  t h e  f i r s t  s t e p  o f  t h e  p r o g r a m .  

u s i n g  t h e  a p p r o p r i a t e  v a l u e s  o f  AH,, and  

I f  t h e s e  v a l u e s  o f  n and m were t h o s e  

The r e s u l t s  o f  t h e  c o m p l e t e d  i t e r a t i o n  were 

n = 0 . 5 4 ,  m = 0 . 1 9 ,  a. = 1 . 0 1  

AHD = 940 E t u / l b  f o r  T e f l o n  ( a s s u m e d )  

AHD = 6470 B t u / l b  f o r  p h e n o l i c - n y l o n  

The l a s t  v a l u e  i s  i n t e r m e d i a t e  t o  t h e  r a n g e  o f  t h e o r e t i c a l  v a l u e s  ( 4 3 0 0  

t o  7300 B t u / l b )  q u o t e d  by Wick2? 

T h u s ,  f o r  t h e  P h a s e  I r o u n d - r o b i n  d a t a ,  t h e  c o r r e l a t i o n  o b t a i n e d  by  

t h e  r e g r e s s i o n  p r o g r a m ,  n a m e l y ,  
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I 

showed a s t a n d a r d  d e v i a t i o n  o f  1 0 . 7  p e r c e n t .  The  d a t a  i n c l u d e  t h a t  f r o m  

G i a n n i n i  and  M a r t i n *  b u t  e x c l u d e  r u n s  i n  w h i c h  t h e  h e a t i n g  l o a d  ( h e a t i n g  

r a t e  m u l t i p l i e d  by  t h e  r u n  d u r a t i o n )  was l e s s  t h a n  2 0 0 0  B t u / f t 2  f o r  T e f l o n  

and 4000 B t u / f t 2  f o r  h i g h - d e n s i t y  p h e n o l i c - n y l o n .  

made t o  m i n i m i z e  t h e  u s e  o f  d a t a  f rom t h e  p r e s t e a d y - s t a t e  p e r i o d  o f  t h e  

T h e s e  e x c l u s i o n s  were 

r u n s .  A p l o t  o f  t h e  c o r r e l a t i o n ,  w i t h  t h e  s t a n d a r d  d e v i a t i o n  i n d i c a t e d ,  

i s  shown i n  F i g .  E-1 .  The r a n g e  o f  v a r i a b l e s  c o v e r e d  was a s  f o l l o w s :  

0 . 0 1 2 9 - 0 . 2 1 %  l b / f t 2  s e c  f o r  T e f l o n  

0 . 0 0 6 9 9 - 0 . 0 5 4 7  l b / f t 2  s e c  f o r  p h e n o l i c - n y l o n  
m ,  = 

3 6 - 7 2 6  B t u / f t 2  s e c  6 S R I  = 
cw 

- P - 0 . 0 0 6 6 -  1.1% atm 

' 'meas = 1215-  1 4 , 9 6 0  B t u / l b  

The r a n g e  o f  d i m e n s i o n a l  v a r i a b l e s  was 

t 2  

TT = 1 5 .  3 - 2 3 , 0 0 0  . 
P 

TT = 3 . 0 3 - 1 0 7 0 ,  
¶ 

T,,, = 3 . 7 0 - 3 0 3 ,  

T h u s ,  t h e  c o r r e l a t i o n ,  wh ich  c o m p a r e s  ( T T ~ ) ~ ~ ~  w i t h  ( n m ) c a l c ,  c o v e r s  n e a r l y  

a h u n d r e d f o l d  r a n g e .  

The P h a s e  I r o u n d  r o b i n  h a d  o n l y  one  s e t  o f  s u b s o n i c  d a t a ,  t h a t  f rom 

Manned S p a c e c r a f t  Center-NASA, and  t h e  F a y - R i d d e l l  g r o u p ,  n f ,  w h i c h  was 

c a l c u l a t e d  u s i n g  t h e  m e a s u r e d  e n t h a l p y ,  

t o  0 . 7 3 .  F o r  t h i s  r e a s o n  no a t t e m p t  was made t o  d e t e r m i n e  t h e  v a l u e  of  

s i n  E q u a t i o n  ( E - % ) .  I n  f a c t  t h e r e  i s  no e v i d e n c e  t h a t  t h i s  i s  t h e  form 

i n  w h i c h  nf  s h o u l d  b e  u s e d  i n  t h e  c o r r e l a t i o n .  

w h i c h  r e d u c e s  t o  E q u a t i o n  ( E - 9 )  when n f  e q u a l s  u n i t y  i s  p o s s i b l e .  

h a d  v a l u e s  r a n g i n g  f rom o n l y  0 . 4 5  

Any fo rm i n v o l v i n g  n f  

2. S e p a r a t e  C o r r e l a t i o n  f o r  T e f l o n  and P h e n o l i c - N y l o n  

An a l t e r n a t i v e  a p p r o a c h  i s  t o  u s e  t h e  a v e r a g e  v a l u e s  of  n a n d  m and 

t h e  r e s u l t a n t  v a l u e s  o f  (AH,) ,  and  a,, f r o m  t h e  f i r s t  s t e p  o f t h e i t e r a t i o n .  

I n  t h i s  c a s e  t h e  r e s u l t s  a r e  

= 0 . 9 3  
0 

n = 0 . 5 6  ( a s s u m e d ) ,  m = 0 . 1 9  ( a s s u m e d ,  a 

AH, = 940 B t u / l b  f o r  T e f l o n  ( a s s u m e d )  

AH, = 6040  B t u / l b  f o r  p h e n o l i c - n y l o n  

_ _ _ _ ~  * 
The v a l u e  of qSRI was  n o t  r e p o r t e d  by t h e s e  two facilities b u t  was e s t i m a t e d  from t h e i r  c a l l b r a t l o n  r u n s .  

cw 
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I .  

I O  

I 

Trn 

0 AMES,TFE (AH,)T = 9 4 0 - B t ~  / I b 
0 AMES,P-N 
0 ESB-LANGLEY,TFE 
0 ESB-LANGLEY,P-N 
(D AMPD-LANGLEY, TFE 
0 AMPD-LANGLEY,P-N 
A FMD-WPAFB,TFE 
A FMD-WPAFB,P-N 

0 GENERAL ELECTRIC,TFE 
0 GENERAL ELECTRIC ,P-N 
6l GIANNIN1,TFE 

GlANNlNl ,P-N 

0 MARTlN,P-N 
181 NORTH AMERICAN ,TFE 
0 NORTH AMERICAN ,P-N 

MARTIN,TFE 

I I O  100 
0.54 0.19 

1.01 Tq Tp 
TO-4512-33 

FIG. E-1 DlMENSlONLESS CORRELATION OF PHASE I ROUND-ROBIN DATA 
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r ,  

f 

U s i n g  t h e  same d a t a  as  f o r  E q u a t i o n  ( E - 1 4 )  t h e  c o r r e l a t i o n  

0 . 9 3  ,0.56 7 T 0 . 1 9  
4 P ( E -  1 5 )  

h a s  a s t a n d a r d  d e v i a t i o n  o f  1 0 . 9  p e r c e n t .  

T h i s  i m p l i e s  t h a t  t h e r e  may b e  a number  o f  s e t s  o f  n ,  m ,  (AH,),, 
a n d  a. v a l u e s  h a v i n g  o n l y  s l i g h t l y  h i g h e r  p e r c e n t  s t a n d a r d  d e v i a t i o n s  

t h a n  t h o s e  shown f o r  t h e  c o r r e l a t i o n  i n  E q u a t i o n  ( E - 1 4 ) .  C a l c u l a t i o n s  

i n  w h i c h  n a n d  m were v a r i e d  by kO.05 a n d  (BHD)p by  1 1 5 0 0  B t u / l b  showed  

t h a t  t h e  s t a n d a r d  d e v i a t i o n  i n c r e a s e d  o n l y  a f ew p e r c e n t .  T y p i c a l  r e s u l t s  

a r e  g i v e n  b e l o w  € o r  c a l c u l a t i o n s  b a s e d  on s i m p l e  v a l u e s  o f  n a n d  m .  

n ( a s s u m e d )  
m ( a s s u m e d )  

SET 1 SET 2 SET 3 SET 4 

0 . 5  0 . 5 4  0 .  56 0 . 6  
0 . 2 5  0 . 1 9  0 . 1 9  0 . 1 5  

- - - - 

a. ( o b t a i n e d  by 0 . 8 7  1 . 0 1  0 . 9 3  0 . 8 8  
i t e r a t i o n )  

(nHD), ( o b t a i n e d  by 8 390 6470 60 40 6900 
i t e r a t i o n )  

P e r c e n t  s t a n d a r d  1 3 . 1  10 .7  1 0 . 9  1 2 . 1  
d e v i  a t  i o n  ( c a l c u l a t e d )  

I t  i s  a p p a r e n t  t h e r e f o r e  t h a t  a n  i n d e p e n d e n t  s o u r c e  f o r  t h e  v a l u e  o f  

t h e  o v e r a l l  h e a t  o f  d e c o m p o s i t i o n ,  AH,, w o u l d  e l i m i n a t e  t h e  i t e r a t i v e  p r o c -  

e s s  a n d  wou ld  p e r m i t  more  a c c u r a t e  v a l u e s  f o r  a .  a n d  p e r c e n t  s t a n d a r d  

d e v i a t i o n  t o  b e  o b t a i n e d .  I n  a d d i t i o n ,  i t  i s  n o t  c e r t a i n  t h a t  t h e  T e f l o n  

a n d  h i g h - d e n s i t y  p h e n o l i c - n y l o n  d a t a  s h o u l d  b e  f o r c e d  i n t o  t h e  same c o r -  

r e l a t i o n .  I f  t h e y  s h o u l d  n o t  b e  c o m b i n e d ,  t h e n  i t  i s  n o t  s o  i m p o r t a n t  , 

t h a t  t h e  v a l u e  o f  AH, b e  known s i n c e  E q u a t i o n  ( E - l o ) ,  w h i c h  i s  b a s e d  on 

t h e  same d i m e n s i o n a l  a n a l y s i s ,  c a n  b e  w r i t t e n  a s  

( E -  1 6 A )  

w h e r e  
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and w i t h  " a l ' d e f i n e d  a s  i n  E q u a t i o n  ( E - 1 2 ) .  T h u s ,  t h e  c o n s t a n t  b w i l l  b e  

s p e c i f i c  f o r  e a c h  m a t e r i a l ,  a l t h o u g h  i t s  n u m e r i c a l  v a l u e  w i l l  d e p e n d  on 

t h e  u n i t s  u s e d  f o r  b , R e f f ,  ;Icw, and P t  
f o u n d  € o r  t h a t m a t e r i a l . .  T h e r e f o r e ,  from t h e  P h a s e  I r o u n d  r o b i n  t h e  v a l u e s  

of "a",  n ,  and m a r e  t h o s e  a l r e a d y  t a b u l a t e d  p r e c e d i n g  E q u a t i o n  (E-13) .  
For k t  i n  l b / f t 2  s e c ,  G c w  i n  B t u / f t 2  s e c ,  and  Pt  i n  a t m ,  t h e  n u m e r i c a l  

v a l u e s  o f  b a r e  

and on t h e  v a l u e s  o f  n and m 
2 

2 

T h u s ,  t h e  mass l o s s  r a t e s  f o r  T e f l o n  and  h i g h - d e n s i t y  p h e n o l i c - n y l o n  

become 

( it)T = 0.0044 ( R e f f ) - 0 - 1 8 ( ~ C W  ) 0 - 5 7 ( P t  2 ) O a Z 5  
S R I  

( i t),  = 0 .0010  ( R e f f ) - 0 * 3 2  ' )0*55(P ) ' * 1 3  
(qcw S R I  t 2  

( E -  18A) 

( E -  18B) 

A n o t h e r  form o f  t h e s e  r e l a t i o n s  i s  

( A t R e f f I T  = 0.0044(;IcN Reff)0.57(Pt R , f f ) 0 " 5  (E-19A) 
2 S R I  

T h e s e  d i m e n s i o n a l l y  v a l i d  e q u a t i o n s ,  a s  w e l l  a s  t h e  d i m e n s i o n l e s s  

c o r r e l a t i o n  c o m b i n i n g  t h e  d a t a  f o r  t h e  two m a t e r i a l s ,  c a n  b e  c h e c k e d  

w i t h  t h e  r e s u l t s  f rom P h a s e  11; t h i s  i s  done  i n  S e c .  I V - B .  
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C. I n c l u s i o n  o f  L i t e r a t u r e  D a t a  

The open  l i t e r a t u r e  on s u p e r s o n i c  a r c - j e t  t e s t i n g  w a s  r e v i e w e d  t o  

l o c a t e  a b l a t i o n  d a t a  on  T e f l o n  and  h i g h - d e n s i t y  p h e n o l i c - n y l o n .  A m a j o r  
r e q u i r e m e n t  w a s  t h a t  mass l o s s  r a t e ,  c o l d  w a l l  h e a t i n g  r a t e , *  s t a g n a t i o n  

p r e s s u r e ,  and  e f f e c t i v e  r a d i u s  e i t h e r  be d i r e c t l y  t a b u l a t e d  o r  c a p a b l e  o f  

b e i n g  c a l c u l a t e d  f r o m  o t h e r  t a b u l a t e d  d a t a .  I n  a d d i t i o n ,  t h e  c o m p o s i t i o n  

o f  t h e  m a t e r i a l s  h a d  t o  be  n e a r l y  i d e n t i c a l  t o  t h o s e  u s e d  i n  t h e  r o u n d  
r o b i n .  

The  a p p l i c a b l e  d a t a  and t h e i r  s o u r c e s  a r e  g i v e n  i n  T a b l e  E-1 .  T h e s e  

d a t a  were c o n v e r t e d  i n t o  t h e  d i m e n s i o n l e s s  form o f  E q u a t i o n  ( E - 1 4 ) .  A 

p l o t  o f  t h i s  c o r r e l a t i o n  i s  g i v e n  i n  F i g .  E-2 w h i c h  c a n  b e  compared  

d i r e c t l y  w i t h  F i g .  E - 1 .  As c a n  b e  s e e n ,  o n l y  t h e  W a l b e r g  d a t a  on p h e n o l i c -  
n y l o n  m o d e l s  d o  n o t  f i t  t h e  c o r r e l a t i o n ,  t h i s  w i l l  b e  c o n s i d e r e d  i n  more 

d e t a i l  i n  Sec. IV-B.  E x c l u d i n g  t h e  W a l b e r g  d a t a ,  t h e  s t a n d a r d  d e v i a t i o n  

f o r  t h e  l i t e r a t u r e  d a t a  i s  9 . 6  p e r c e n t .  Combined w i t h  t h e  r o u n d - r o b i n  d a t a  

t h e  o v e r a l l  s t a n d a r d  d e v i a t i o n  i s  1 0 . 3  p e r c e n t .  The r a n g e  o f  v a r i a b l e s  

c o v e r e d  was  

0 . 0 1 3 2 - 1 . 2 2  l b / f t 2  s e c  f o r  T e f l o n  

0 . 0 2 3 3 - 0 .  596 1 b / f t 2  s e c  f o r  p h e n o l i c - n y l o n  
i t  = { 

qcw = 2 1 . 6 - 3 0 0 0  B t u / f t 2  sec  

P = 0 . 0 0 3 0 - 3 3 . 0  atm 
t 2  

' 'meas = 420-7470  B t u / l b  

R e f f  = 0 . 0 1 5 6 - 0 . 5 5  f t  

The d i m e n s i o n l e s s  v a r i a b l e s  h a d  a r a n g e  o f  

7~ = 3 7 . 1  - 1 , 2 6 0 , 0 0 0  
P 77 = 1 . 4 7  - 2 5 1 0 ,  

q 
7~~ = 2 . 2 4  - 1 1 3 0 ,  

F o r  t h e  l i t e r a t u r e  d a t a  t h e  c o r r e l a t i o n ,  w h i c h  c o m p a r e s  ( 7 ~ ~ ) ~ ~ ~  w i t h  

( 7 ~ ~ ) ~ ~ ~ ~ ,  

r o b i n  a n d  l i t e r a t u r e  d a t a ,  t h e  r a n g e  o f  v a r i a b l e s  was  

h a s  n e a r l y  a f i v e  h u n d r e d f o l d  r a n g e .  I n  c o m b i n i n g  t h e  r o u n d -  

94.5- f o l d  fo r  Telfon 

= 35.7- fold m e a s  85.2-  fo ld  f o r  phenolic-nylon Ah i t  = {  p = 11,000-fold 
t 2  

tCw = 139-fold R e f f  = 35.3- fold 
~~ 

* 
T h e  h e a t i n g  r a t e  must b e  t h a t  m e a s u r e d ,  o r  c a l c u l a t e d ,  f o r  a c a l o r i m e t e r  h a v i n g  t h e  same s h a p e  and  
d i m e n s i o n s  a s  t h e  model used .  
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